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ABSTRACT
Despite clear field evidence for pressure solution deformation in the earth at a variety of scales,
major uncertainties exist regarding the appropriate deformation mechanisms, grain boundary structures,
and constitutive relations. Much of this uncertainty results from the simultaneous operation of other
deformation mechanisms such as changes in packing geometry, dislocation creep, and cataclasis. In order
to better understand the mechanisms and kinetics of pressure solution at grain-to-grain contacts, we have
conducted hot-pressing experiments using halite single crystals in saturated brine. In these single-contact
experiments, convex halite lenses were polished to an optical finish and pressed against polished flats of
either halite or fused silica using precision springs in a heated microscope stage. This simplified
experimental geometry allows us to identify the contributions to the observed convergence from
intergranular pressure solution, plastic flow (including dislocation creep), and cataclasis. Fluid pressures
and temperatures were maintained at 0.1 MPa and 50.2 + 0.2* C, respectively. Loads ranged from 0.11
to 4.22 N, resulting in mean effective normal stresses within the contact zone of 0.5 to 13.5 MPa. The
geometry and growth rate of the contact spot (neck growth) and the rate at which the lenses approached
one another (convergence) were monitored during deformation using reflected light interferometry and
transmitted light photomicrography. Convergence did not occur when two halite lenses were pressed
together in saturated brine but did occur when halite and silica lenses were pressed together in brine.
Convergence rates in the halite/silica experiments ranged from 0.01 to 0.05 14m/day. Although the initial
deformation during loading involved elastic and perfectly plastic processes, control experiments
conducted without brine showed no time-dependent convergence, indicating that dislocation creep was
negligible. No undercutting or cataclasis was observed during any of these experiments. Residual fluid
inclusions were formed along grain boundaries between two halite lenses loaded in brine, indicating non-
zero wetting angles, in contrast with previous arguments for the existence of continuous fluid films along
grain boundaries in halite under load. Our experiments thus show that intergranular pressure solution
via a fluid-film diffusion mechanism can be measured directly in the laboratory and that it is accelerated
in the presence of dissimilar interfaces.
As an extension of the preceding study, two suites of halite/silica experiments were conducted in
brine using the heated microscope stage in order to investigate the dependence of intergranular pressure
solution rates upon mean normal stress, contact spot size, and temperature. An experiment was also
conducted with a thin intergranular clay film (halite/clay/silica experiment). Fluid pressures in all
experiments were 0.1 MPa. Convergence rates in the first suite of halite/silica experiments, which were
conducted at a constant temperature of 50.2* C but at loads of 0.11, 0.76, and 4.22 N, ranged from 0.01 to
0.05 /m/day and depended upon both mean effective normal stress and contact spot radius. The product
of convergence rate and the square of contact spot radius in these constant-temperature experiments is
roughly linear in mean effective normal stress, consistent with models for intergranular pressure solution
rate-limited by diffusion through a high diffusivity intergranular film. Placing bounds on film thickness of
1 to 30 nm indicates a diffusion coefficient for this intergranular film of 1 X 10-5 to 6 X 10-8 cm2/s. This
is comparable to, or somewhat lower than, that for transport through bulk brine at 50" C (c.a. 3 X 10-5
cm2/s). The second suite of experiments was conducted at a constant load of 0.11 N but at temperatures
of 8.3*, 50.2", and 90.20 C. Except for slightly faster rates at 8.3* C, the convergence rates from these
constant-load experiments are approximately the same for all temperatures at a given normal stress and
contact spot size. The cause of this temperature insensitivity is unknown, but it may result from changes
in interphase boundary structure or thickness with increasing temperature that are sufficient to offset the
expected thermal activation. Halite/silica experiments conducted in dry nitrogen and moist air under the
most extreme conditions of load and temperature employed in these two suites of experiments indicate
that dislocation creep did not contribute to the observed rates. Although the initial loading in all of these
experiments involved some plastic yielding, and dislocation densities directly beneath the contact spots
were quite high (at least at the highest loads) there was no evidence at optical wavelengths for the island-
channel type boundary structures that have been proposed by a number of workers. In order to
investigate the effect of intergranular clays on pressure solution, an experiment was also conducted in
which a halite lens was pressed against a fused silica flat coated with an 0.8-&m-thick film of Na-
montmorillonite in brine at 50.2* C and 0.76 N. This clay film produced an approximately five-fold
increase in convergence rates over those observed in a halite/silica experiment without clay at the same
load and temperature. Although the exact mechanism for this enhancement of convergence rates is not
known, this result is in accord with geological indications that intergranular clay films and clay seams act
to localize solution transfer deformation. The results from these halite/silica and halite/clay/silica
experiments have important implications for the influence of grain size, temperature, and contrasts in
mineralogy on creep, diagenesis, and fault zone rheology at mid- to upper-ciustal conditions.
The transport and elastic properties of rocks are strongly influenced by the geometry and
connectivity of microcracks. Yet, the dependence of crack healing rates upon crack aperture are
unknown. We conducted a series of experiments on geometrically simple cracks of known geometry in
order to test existing models for the kinetics of crack healing. Crack healing experiments were conducted
at 7800, 815", and 850* C in a dry carbon dioxide atmosphere over time intervals of 0.5 to 1320 hours.
Small, penny-shaped cracks were prepared for these experiments by heating samples of Shtall calcite to
decrepitate naturally-occurring fluid inclusions. Samples were then split open to expose these cracks to
the atmosphere and crack apertures were determined using both optical and short-wavelength ultraviolet
interferometry. As observed by previous investigators, the crack healing process initiated with the
formation and growth of peninsular structures, initiating at cleavage steps and other irregularities in the
crack surface, which greatly accelerated the crack healing process. The crack-tip regression distance at
constant temperature followed a simple power law in time; although, with the exception of one crack at
850* C, the time exponent systematically decreased from 0.59 at 780* C to 0.15 and 0.07 at 815" and
850" C, respectively. Only the largest exponent is consistent with crack healing theory: the two smaller
time exponents are, as yet, unexplained. At all temperatures investigated, crack healing rates decreased
strongly with increasing aperture. At 780" C, the functional dependence of crack healing rate upon crack
aperture was found to be consistent with several aspects of the crack healing model. At 815" and 850" C,
even though the low time exponents rule out direct application of the crack healing model, we found
qualitative agreement with the predicted inverse relationship between crack healing velocity and crack
aperture. For example, cracks with maximum apertures of less than 60 nm were observed to completely
heal in from 0.5 to 25 hours at 850* C; while fatter cracks, with maximum apertures of about 700 nm,
showed very little healing after up to 1320 hours at the same temperature. These experiments thus
confirm the predicted dependence of crack healing rates upon crack aperture. Further experiments will
be necessary to predict the lifetimes of cracks in aqueous pore fluids under hydrothermal conditions.
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CHAPTER 1
GEOLOGICAL MOTIVATION AND EXPERIMENTAL APPROACH
Solution-transfer processes often dominate the deformation and diagenesis of geological materials at
mid-to upper-crustal conditions. Perhaps the most well-known solution transfer process in rocks,
pressure solution, is defined as the dissolution of material at grain-to-grain contacts under high stress and
the precipitation of this material at interfaces under low stress. Field evidence for pressure solution is
ubiquitous in low grade metamorphic environments (up to greenschist facies) and is provided by
indentations between grains, flattening of cobbles in conglomerates, pressure shadows, sutured contacts,
truncated fossils, and stylolites (e.g. Trurnit, 1968; Elliot, 1973; McClay, 1977; Engelder, 1982; Rutter,
1983; Nelson, 1983; Tada and Siever, 1989). Pressure solution occurs over at least two different scales: at
the scale of contacts between individual grains (intergranular pressure solution) or at the scale of the
spacing between seams of insoluble minerals (termed stylolites) separating regions of relatively
undeformed rock. Pressure solution at both scales provides an important source of intergranular cement
in sandstones, limestones, and chert (see Tada and Siever, 1989). The tectonic strains accommodated by
pressure solution can be considerable. In shallow foreland fold and thrust belts, for example, where
circulation of meteoric or connate water may act to remove supersaturated fluids, pressure solution
apparently accounts for tectonic shortening parallel to bedding of 35% or greater (see Engelder, 1984).
Clays and other insoluble second phases promote both intergranular pressure solution and stylolitization,
presumably by providing either high diffusivity or high permeability pathways for material transport (e.g.
Weyl, 1959; deBoer, 1977; Robin, 1978; Rutter, 1983; Engelder and Marshak, 1985; Gratier, 1987;
Houseknecht and Hathon, 1987; Tada and Siever, 1989).
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Despite the clear evidence for pressure solution deformation in the earth at all scales, major
uncertainties remain regarding the deformation mechanisms and kinetics of this process. In fact, even
though it is recognized that pressure solution may be quite important in determining the rheology of fault
zones or strength of the crust (Kirby, 1980; Sibson, 1983), there is no general agreement even on the form
of the appropriate constitutive law. A necessary prerequisite for developing realistic constitutive
equations for pressure solution deformation and diagenesis is an understanding of the deformation
mechanisms and kinetics of pressure solution at grain-to-grain contacts.
Two classes of models have been proposed for intergranular pressure solution: water film diffusion
and undercutting. In water film diffusion models, material dissolves along a loaded grain boundary under
a high normal stress, diffuses through a high diffusivity film between grains, and precipitates along an
interface at low normal stress. Water film diffusion can be rate-limited eiiher by diffusion through the
intergranular film (diffusion limited; e.g. Weyl, 1959; Elliot, 1973; Rutter, 1976; Spiers and Schutjens,
1989) or by dissolution/precipitation kinetics at the solid-liquid interface (interface limited; e.g. Raj and
Chyung, 1981; Raj, 1982). In undercutting models, the size of the contact spot between grains is reduced
through free-face dissolution of material at the perimeter of the grain contact until the strength of the
remaining material is exceeded and elastic or plastic failure of the neck region occurs (Bathurst, 1958;
Weyl, 1959; Pharr and Ashby, 1983; Tada and Siever, 1986).
A number of experiments have been conducted in an attempt to differentiate between the above
models. Most of these experiments have measured the densification rates of powdered aggregates or of
porous natural rocks (Heald and Renton, 1966; Renton et al., 1969; de Boer, 1977; de Boer et al., 1977;
Rutter, 1976, 1983; Sprunt and Nur, 1977a; Raj, 1982; Pharr and Ashby, 1983; Gratier and Guiguet, 1986;
Brantley, 1987; Spiers and Schutjens, 1989; see also Cooper and Kohlstedt, 1984a, b). Other experiments
have been conducted to study the strength of natural and synthetic aggregates using stress relaxation,
constant stress (creep), and constant strain-rate tests (Rutter and Mainprice, 1978; Rutter and White,
1979; Dennis and Atkinson, 1982; Karato et al., 1986; Urai et al., 1986). A few pressure solution
experiments have also been conducted using simple model geometries (e.g. Sprunt and Nur, 1977b; Tada
and Siever, 1986), although the correct interpretation of some of these experiments is in doubt (e.g.
Bosworth, 1981; Green, 1984). In most of the densification studies, it was argued that deformation was
occurring through solution transfer processes on the basis of observed decreases in porosity,
microstructural observations, the stress and grain size dependence of the densification rate, and
comparison of the densification rates with dry experiments. However, competition from other
deformation mechanisms, such as dislocation flow, intergranular sliding, cataclasis, and changes in
packing geometry complicates the interpretation of densification experiments in natural rocks or
synthetic aggregates, especially at high porosities. Even under an apparently hydrostatic confining
pressure, stress concentrations at grain-to-grain contacts can be quite high, resulting in plastic flow or
cataclasis (Wong, 1989). Thus, it is often difficult to rule out stress corrosion cracking as contributing to
the observed densification rates. Similar ambiguities may affect strength measurements in porous
materials. Rutter and Mainprice (1978), for example, conducted stress relaxation tests, on a porous
quartz sandstone and found a pronounced strength reduction at low strain rates in the presence of water
(see discussion in Chapter 3). They proposed that deformation at intermediate to high strain rates was
rate-limited by stress corrosion cracking, while deformation at low strain rates was rate-limited by a
pressure solution process. Dennis and Atkinson (1982) subsequently reinterpreted the results of Rutter
and Mainprice (1978) and Rutter and White (1979) to suggest that the dominant deformation mechanism
in their experiments at low strain rates might be stress corrosion cracking. These differences in
experimental results and mechanistic interpretations can be quite extreme, especially among the large
number of workers who have performed pressure solution experiments in simple alkalai halide systems
(primarily the halite/brine system; see discussion in Chapter 2).
Diffusive mass transfer is driven by gradients in the chemical potential of the diffusing species.
Although these chemical potential gradients are induced by differences in stress between interfaces
during pressure solution, chemical potential gradients may also result from gradients in surface curvature.
In the presence of fluids, these gradients in surface curvature give rise to a second type of solution
transfer process: crack healing. During crack healing, material diffuses from the relatively flat wall of a
crack towards the highly-curved crack tip, resulting in an infilling of the crack with the host mineral.
Mass transfer during crack healing can be through the pore fluid, along the crack surface, or through the
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lattice of the surrounding crystal. In a material isotropic with respect to free surface energy, crack
healing results in the decomposition of an initially low-aspect ratio crack into isolated spherical
inclusions. A related process, crack sealing, refers to the infilling of cracks with material precipitated
from circulating hydrothermal fluids. As gradients in surface curvature are always present in a crack,
crack healing will lead to the destruction of microcrack porosity even without the influx of supersaturated
fluids.
Many rock properties, including permeability, elastic moduli, seismic attenuation, and seismic
anisotropy, strongly depend upon the geometry and connectivity of cracks and pores (e.g. Walsh, 1965;
Brace et al., 1965; Hadley, 1976; Brace, 1977; Budiansky and O'Connel, 1976; Heard and Page, 1982;
Walder and Nur, 1984). The volume and connectivity of pore space in the earth is determined by
competition between porosity-producing and porosity-reducing mechanisms. Porosity-producing
mechanisms include cracking induced by changes in stress, pore pressure, or temperature (e.g. Richter
and Simmons, 1977; Heard and Page, 1982; Fredrich and Wong, 1986) or cracking resulting from volume
changes during metamorphism (Walther and Orville, 1982). Porosity-reducing mechanisms include crack
healing, crack sealing, pressure solution, and plastic flow (Sprunt and Nur, 1979; Smith and Evans, 1984;
Walder and Nur, 1984). Thus, knowledge of the relative rates of these processes, and their dependences
upon temperature, stress, fluid chemistry, and pore or crack geometry, is essential for an understanding
of the temporal and spatial evolution of physical properties in the earth. Furthermore, crack healing
rates set a lower bound on the velocity of stable crack propagation (Atkinson, 1984).
Petrological and cathodoluminescence observations indicate that complex arrays of healed and
sealed microcracks are quite common in igneous and metamorphic rocks (Richter and Simmons, 1977;
Sprunt and Nur, 1979; Shirey et al., 1980). Furthermore, measurements of permeability reduction in high
temperature laboratory experiments, together with microstructural observations, indicate that both crack
healing and crack sealing are important mechanisms for permeability reduction in hydrothermal systems
(Morrow et al., 1981; Vaughan et al., 1986). Although numerous crack healing experiments have been
conducted in alumina, magnesia, and uranium oxide (e.g. Evans and Charles, 1977; Gupta, 1978; Roberts
and Wrona, 1973), only a few experiments have been conducted in geologic materials (Smith and Evans,
1984; Wanamaker and Evans, 1985; Brantley et al., 1989). In spite of the fact that crack healing rates are
predicted to be strongly dependent upon crack aperture (e.g. Evans and Charles, 1977; Stevens and
Dutton, 1971), in none of these experiments on any material was the initial crack geometry known.
In this thesis, single crystals of either halite or calcite were used in well-controlled experimental
geometries in an attempt to provide basic constraints on the physics of pressure solution and crack
healing. This approach was adopted in the belief that an improved understanding of pressure solution
and crack healing on a grain-size scale is a necessary prerequisite to an understanding of the more
complex deformation of rocks and sediments in the earth. In Chapter 2, results are presented from the
first series of experiments studying pressure solution at grain-to-grain contacts in the halite/brine system.
In these experiments, polished lenses of halite were pressed against halite or fused silica flats in brine in a
heated microscope stage to investigate the effect of grain or interphase bouidary structure on the rates of
intergranular pressure solution. By using a simplified model geometry, smooth curvatures, and very light
loads, it was possible to avoid many of the uncertainties that have plagued previous experimental studies
using polycrystalline samples. These experiments demonstrated that intergranular pressure solution
occurred at measurable rates only in the presence of dissimilar interfaces (in this case, halite and silica).
Results from the second series of model experiments on pressure solution in halite are presented in
Chapter 3. Here, several suites of halite/silica experiments were conducted (both wet and dry), including
experiments at constant temperature but varying loads and at constant load but varying temperatures, in
order to constrain the physics of intergranular pressure solution at dissimilar interfaces in greater detail.
As an extension of these dissimilar interface experiments, results are also presented from experiments
studying the effect of thin intergranular layers of clay and other second phases on the rates of
intergranular pressure solution. In Chapter 4, results are presented from a study of crack healing in
calcite, using small cracks of known geometry, in order to determine the effect of crack geometry
(especially crack aperture) on crack healing rates.
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CHAPTER 2
EXPERIMENTAL PRESSURE SOLUTION IN HALITE, 1: THE
EFFECT OF GRAIN/INTERPHASE BOUNDARY STRUCTURE
INTRODUCTION
Pressure solution is an important natural mechanism for porosity reduction, diagenesis, and
structural deformation in sediments and rocks at conditions up to greenschist facies (e.g. Trurnit 1968;
McClay 1977; Rutter 1983; Engelder 1984; Tada et al. 1987; Tada & Siever 1989). Despite clear field
evidence that solution-transfer deformation is widespread at a variety of scales, major uncertainties
remain in specifying the driving forces, kinetic and constitutive equatiodis, and appropriate material
constants.
Experimentalists investigating pressure solution often utilize salt/brine systems, owing, at least in
part, to the availability of chemically pure halide salts which have high solubility in water at relatively low
pressures and temperatures (Raj 1982; Pharr & Ashby 1983; Tada & Siever 1986; Urai et al. 1986; Spiers
& Schutjens 1989). Additionally, predicting the deformation of halite rocks is of great interest in
understanding salt dome diapirism and in evaluating potential designs for hazardous waste repositories.
Strain from pressure solution occurs at sites along grain or interphase boundaries, which are
themselves either dispersed throughout the rock (intergranular pressure solution) or localized at seams
of more insoluble material (stylolitization; see Tada & Siever 1989 for a review). Insoluble clay residues
are thought to be quite important in providing high diffusivity or high permeability pathways for material
transport (Weyl 1959; de Boer 1977; Rutter 1983). Thus, it is of interest to study pressure solution
deformation at both grain and interphase boundaries.
In this paper we report results of an investigation of pressure solution deformation at the contacts
between polished convex lenses made from halite single crystals and polished flats of either halite or
fused silica while under load. Although such experiments do not embody all the complexities of the
deformation of porous polycrystalline aggregates, they do allow one to differentiate between true
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intergranular pressure solution and other deformation mechanisms, including brittle fracture and plastic
flow by dislocations. Use of this simplified model geometry also allows one to determine the dependence
of intergranular pressure solution rates upon such variables as interparticle contact stress, contact
geometry, second phase mineralogy, and grain boundary misorientation.
We observed the configuration of the interface between the two solids as it developed under load.
By making in situ observations using both transmitted light microscopy and reflected light interferometry,
we can determine details about the relative convergence of the two solids, the rate of establishment of a
grain or interphase boundary, and the wetting angles at the junction between the two solids and the pore
fluid. The experiments indicate that deformation rates are greatly enhanced when the two solids are
dissimilar: i.e., when a spherical halite lens is pressed against a fused silica flat in the presence of brine.
This conclusion is consistent with current theories concerning the localization of pressure solution along
stylolites.
EXPERIMENTAL TECHNIQUE
Sample Preparation
In order to make precise measurements of deformation at the contact between the sample halves,
lenses with controlled curvatures and optically smooth finishes that could persist over periods of several
weeks in saturated brine were required. Unfortunately, standard abrasive polishing techniques produced
a highly damaged surface layer in the halite lenses (Fig. 1A) which resulted in progressive degradation of
the lens surfaces during an experiment. Preliminary experiments were done to compare deformation at
loaded contacts between two abrasively polished lenses to that between two unpolished halite cleavage
chips. Apparently, standard abrasive polishing techniques inhibit the qrowth of the contact spot between
two lenses, although this effect was not studied in detail and its cause is still unknown. We therefore
developed a protocol involving both abrasive and chemical polishing, followed by a high temperature
anneal. Samples prepared with this protocol had a high quality surface finish without an associated
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damage layer (Fig. 1B), controlled curvatures, and neck growth rates (defined below) comparable to
those obtained between unpolished cleavage chips.
Lens blanks, approximately 10 mm in diameter and 2.5 mm thick, were cleaved with a razor blade
from a single crystal of optical grade synthetic sodium chloride (supplied by the Harshaw Chemical
Company), trimmed with a non-abrasive ("wet string") saw, and dissolved to the appropriate shape and
curvature using a porous polymer lap (Rodel #750, manufactured by Rodel, Inc.) wet with distilled
water. They were then polished with 0.1 pm alumina grit in isobutyl alcohol on a cotton lap for 25
minutes using an automatic lens polishing machine (manufactured by Strasbaugh, Inc.) which had been
modified for slow lap speeds (45 RPM) and light spindle loads (0.44 N) and enclosed in a dry glove box.
After polishing, the lenses were rinsed in isobutyl alcohol, ultrasonically cleaned three times in anhydrous
ethyl ether, sealed in a platinum crucible containing NaCl buffer chips, and annealed in air for 14 hours at
650* C. Following annealing, lenses were weighed and their heights measured using a microscope
equipped with a dial indicator.
Heated Microscope Stage
Experiments were conducted in a heated microscope stage designed for in situ observation of
contacts between two lenses immersed in saturated brine while under load (Fig. 2). Small loads, applied
using precision creep- and corrosion-resistant Hastelloy C springs, were used to avoid fracture and
minimize dislocation creep. Loads were calculated from the spring calibration curves, measured sample
column heights, and the sample chamber depth. The exact spring displacements were adjusted with fused
silica spacers placed beneath the springs. Although sample chamber depth was measured at run
temperatures, sample column heights and spring calibrations were obtained at room temperature and
were then corrected to 500 C using published thermoelastic data on halite, fused silica, and Hastelloy C.
In order to minimize both spatial and temporal variations in temperature within the brine, warm
water from a constant temperature bath was circulated (at 2.3 1/min) around and beneath the sample
chamber and through a double-paned window between the sample chamber and the microscope.
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Profiling with a thermistor at 50* C showed the maximum temperature differential within the sample
chamber to be approximately 0.02* C. Fluctuations in stage temperature with time are also quite small:
less than ±0.1 during most of these experiments (see Table 1).
Saturated, deaerated brine was prepared by boiling an excess quantity of reagent-grade NaCl in
distilled, deionized water for 15 min and allowing the mixture to equilibrate in the constant temperature
bath at run temperature for at least 3 to 4 days. A glass syringe, heated by a water jacket using the same
constant temperature bath, was used to transfer the resulting brine to the sample chamber. At the start
of an experiment, samples were placed in the microscope stage (with a stand-off ring to prevent
premature loading of the lenses) and allowed to preheat for 30 min before addition of the brine. In most
cases, brine was added directly to the contact between the two lenses before the sample was assembled
and the stage lid closed. In experiment PSH 14 (see below), the sample column was assembled in air and
the stage lid closed before the brine was injected into the sample chamber through the brine inlet ports
shown in Fig. 2. Reflected sodium light interferograms were taken at regular intervals throughout each
experiment using a motorized 35 mm camera equipped with an automatic timer; photomicrographs were
also periodically taken in transmitted light.
Convergence Measurement
The contact spot between two particles may grow either by the addition of material transported
through the pore fluid or by deformation of the two solids (Fig. 3). In the former case, called neck
growth, there is no relative motion between reference points fixed with respect to each particle; in the
latter case, termed convergence, the distance between these two reference points decreases with time.
The amount of neck growth between two lenses can be determined simply by measuring the size of
the contact spot from successive photomicrographs (see Fig. 5). The amount of convergence is
determined in reflected light by measuring the change in position of the concentric dark bands (Newton's
rings) resulting from destructive interference of sodium light reflected from the surfaces of the two lenses
in contact. Interference minima occur whenever the separation between the two lenses, hm, is:
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hm = mA/2n, m = 0, 1, 2, 3... (1)
where m is the order of the interference minima, A is the wavelength of sodium light in a vacuum, and n
is the refractive index of saturated brine (1.376 at 50.2* C; see Chapter3).
As the lenses are loaded, the contact spot deforms and the interference fringes move away from the
central contact spot. For the geometry used in these experiments (Fig. 4), the thickness of the brine layer
between the lenses, h, at a distance, r, from the center of contact is given by:
h(r) = R - s - [R- r2]1/ 2  (2)
where R is the radius of curvature of the convex lens and s is the total convergence. Since r < < R (see
Figs. 5 & 6 and Table 1), the radius of the mth order interference minima, rm, is given by expanding
equation (2) using the binomial theorem and combining with equation (1):
s = (rm2/2R) - (mA/2n) (3)
Alternatively, defining the area contained within the mth order fringe as Am = rrm , we have:
s = (Am/2xR) - (mA/2n) (4)
Since we are primarily interested in the time-dependent component of convergence following the
application of load at time t = 0, we define As = s(t) - s(0) to obtain from equation (3):
As = Arm2 /2R (5)
or from equation (4):
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As = AAm/ 2 x'R (6)
where Arm and AAm are, respectively, the change in radius and the change in enclosed area of the mth
order fringe relative to their values immediately following loading.
Two methods were utilized to measure convergence. In the area method, the first ten interference
minima were digitized from successive interferograms to determine the enclosed area. Plots of m against
Am (see Fig. 8A) were then used to determine R using equation (4). Finally, the convergence, As, as a
function of time was determined as the mean and standard deviation of values determined independently
from each fringe using equation (6).
If the lens surfaces were either incompletely illuminated or damaged, the fringes could not be traced
continuously around the contact and a second method, the ray method, was used. Fringe diameters (2 rm)
were measured along a ray passing through the center of the contact spot. This ray was repositioned on
successive interferograms by reference to imperfections in the lens surfaces and, in the halite/halite
experiments, fluid inclusions on the grain boundaries between the two lenses. The apparent lens
curvature along that ray, and the mean and standard deviation of As for all orders, were then determined
using equations (3) and (5), respectively (see Fig. 8B).
In measuring convergence by either method, we avoided fringes which were distorted by
elastic/perfectly plastic deformation of the free surfaces immediately adjacent to the contact spot (see
Chapter 3) or by localized mass transfer near the contact spot (see Figure 5a & b). In addition, during
experiments in which no convergence was indicated, we compared fringe positions at various times by
using transparent overlays of successive interferograms as a check on the above analyses.
RESULTS
Nine pressure solution experiments were conducted in this study (Table 1): five in which a convex
halite lens and a halite flat were pressed together (halite/halite experiments) and four in which a convex
halite lens and a fused silica flat were pressed together (halite/silica experiments). With the exception of
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experiment PSH 18, which was conducted in dry nitrogen to detect dislocation creep, all experiments
were conducted in saturated brine at 50.1 to 50.2* C. The applied loads ranged from 0.11 to 4.22
Newtons, with errors corresponding to cumulative uncertainties in the spring deflection and calibration.
The relative orientation of the two crystals on either side of the boundary is an important factor in
specifying grain boundary structure, and both twist and mixed tilt/twist boundary configurations were
used. Halite lenses employed in the pure twist boundary configurations were polished parallel to the
{001} cleavage. The twist angles (the relative rotation of the two crystals about an axis perpendicular to
their common grain boundary) ranged from 6 to 41" and were determined by reference to notches
dissolved in the edge of each lens. A special polishing jig was used to obtain the 25" tilt component of
sample PSH 32, with the indicated 7" twist component determined as before. The radii of curvature of
the convex halite lenses ranged from 7.1 to 9.6 cm and were determined from interferograms taken
immediately after loading using equation (4).
With the exception of PSH 14 and PSH 15, sample weights were measured before and after each
experiment. Our attempts to remove the brine from the samples using compressed air were never
completely successful, and the slight weight gains indicated (< 0.3%) result, we presume, from brine
evaporation on the lens surfaces following removal from the stage.
Contact Morphologies
In the halite/halite experiments, a central contact spot formed between the two lenses immediately
after the application of load and then grew with time (Fig. 5). This contact spot (or neck) developed a
dendritic morphology similar to that seen in crack healing (cf. Smith & Evans 1984). Notice also the
perturbation of interference fringes in the brine layer near the neck. Comparison of the position of
interference fringes far from the contact region using successive interferograms indicates no net
convergence of the two lenses (see below). The kinetics of the neck-growth process, which is driven by
gradients in surface curvature, are discussed in more detail by Hickman & Evans (1989a).
The fluid-filled tubes that form between these dendrites (Fig. 5) are unstable with respect to
perturbations along their length (Nichols & Mullins 1965 a,b; Nichols 1976) and evolve into bubbles
along the newly formed grain boundary. These bubbles, or residual fluid inclusions, are evident in all of
the halite/halite experiments that we have conducted in brine, whether polished lenses or unpolished
cleavage chips are pressed together. When these lenses (or cleavage chips) are separated following an
experiment, the fluid inclusions leave matching impressions on both halves of the sample.
As in the halite/halite experiments, contact spots in the halite/silica samples also formed during the
initial loading, presumably by a combination of elastic and plastic processes (Fig. 6). Unlike the
halite/halite experiments, however, the halite/silica contact spots did not develop dendritic morphologies
but retained their roughly circular geometry as they grew. Furthermore, comparison of interference
fringes from successive interferograms indicated that the lenses from these'experiments converged with
time (see below). Notice that undercutting was not observed in either the halite/halite experiments (Fig.
5) or the halite/silica experiments (Fig. 6).
Contact Stresses
The real areas of contact were determined by digitizing either the perimeter of the contiguous
dendritic contact region (in the halite/halite experiments; see Fig. 5) or the perimeter of the central dark
spot (the zero-order interference minima, in the halite/silica experiments; see Fig. 6). The mean normal
stress acting on each contact, Pm, was calculated using the loads indicated in Table 1. The initial Pm in
the halite/halite and the halite/silica experiments ranged from about 13.5 MPa to 2.5 MPa and then
decreased as the contact spot grew with time (Fig. 7 A & B). The differences in initial Pm between some
of the halite/halite experiments done at comparable loads (Fig. 7A) is attributable to scatter in contact
area resulting from permanent plastic flattening at loads above about 1 N (see Chapter 3), variations in
R, and rapid initial neck growth rates at small elapsed times.
Convergence
Examples of the plots used to determine convergence in these experiments using both the area and
ray methods are shown in Fig. 8. In both sets of experiments, the instantaneous convergence, s(O), was
proportional to the magnitude of the applied load. The amount of convergence which followed varied
with the type of experiment. For example, in the halite/silica experiment PSH 22 (Fig. 8A), which was
loaded at 0.76 N, the uniform migration of fringes away from the contact spot with time (to the right in
Fig. 8A) clearly indicates convergence between the halite and silica lenses. In the halite/halite
experiment PSH 16 (Fig. 8B), which was loaded at 4.12 N, the fringes did not migrate away from the
central contact spot with time, indicating that As between the two halite lenses was negligible.
By subtracting the initial elastic/perfectly plastic component of convergence from all of these
experiments (as described above) we obtained the creep curves shown in Fig. 9. There was no discernible
convergence in any of the halite/halite experiments conducted in this study: at loads of 0.84 to 4.22 N and
grain boundaries misorientations ranging from low angle (6") to high angle (410) twist and high angle
(23*) tilt. Furthermore, no convergence was observed in preliminary experiments conducted under
similar conditions over periods of up to 63 hours with two halite lenses polished using the standard
abrasive techniques discussed above. Measurable convergence occurs only when halite and silica lenses
are pressed together in brine, at rates of 0.01 to 0.05 jm/day. Note that the convergence rate decreases
monotonically with time and is greatest for the two experiments at the lowest loads (PSH 22 and PSH
23). As discussed at length in Chapter 3, this is apparently a consequence of the competing effects of
decreasing mean normal stress, Pm, and increasing diffusional path length, a, upon intergranular pressure
solution rates in this system. A halite/silica experiment conducted at high loads, but without brine (PSH
18), shows the formation of an initial elastic/plastic contact but no subsequent convergence.
DISCUSSION
Grain Boundary Structure in the Halite/Halite Experiments
Field observations of rocks deformed by pressure solution indicate that strain is localized in the
region very near grain-to-grain contacts, often near interphase boundaries between insoluble clay
residues and the matrix grains (e.g. Trurnit 1968; Nelson 1983; Houseknecht and Hathon 1987). Two
general classes of models for producing localization have been suggested: one in which grain-to-grain
contacts are undercut, followed by the subsequent failure of the contact region (Bathurst 1958; Pharr and
Ashby 1983; Tada and Siever 1986); and a second in which enhanced solution and transport occurs along
a high diffusivity grain boundary phase (Weyl 1959; Elliot 1973; Rutter 1976; Raj & Chyung 1981; Spiers
& Schutjens 1989). In all these models, the properties of the boundary region are quite important. For
example, estimates of boundary-diffusion coefficients may vary by five orders of magnitude or more,
depending on whether the fluid is supposed to reside on the boundary as a continuous film or as an
impurity along a semi-coherent grain boundary (Brady 1983).
The distribution of fluid within a polycrystalline solid will be influenced by the relative energies of
the grain and interphase boundaries present. For an aggregate containing a single solid phase, where the
liquid/solid interfacial energies are isotropic, the angle formed by the junction of the two fluid/solid
interfaces and a grain boundary (the wetting angle) will be zero only if the grain boundary energy is twice
the solid/liquid interfacial energy. In this case, the fluid penetrates the grain boundary, forming a
continuous fluid layer between the two solids (Smith 1948). If the wetting angle is greater than zero,
however, the stable configuration is one in which the pore fluid will reside as discrete pockets (fluid
inclusions) along the grain boundary.
In our apparatus, a plan view of the configuration of the boundary between the two solids is visible
while under load. In the halite/halite experiments, residual fluid inclusions form as the neck region
grows larger. Although the wetting angle in these experiments cannot be measured directly, the fact that
inclusions are formed in the halite/halite experiments demonstrates that the angle is not zero. In
addition, SEM and optical microscope examination of sections both parallel and perpendicular to the
boundary indicate that inclusions in samples after unloading are shaped like thin tablets. Finally, thin
sections can be made from halite bicrystals forged at 90" C under a mean normal stress of 5 MPa without
refracturing the grain boundary (Hickman & Evans 1989a) indicating that these grain boundaries have
considerable cohesive strength. All of these observations suggest strongly that wetting angles formed at
the intersection of brine inclusions with relatively stationary grain boundaries in halite are nonzero, even
when the rock salt is loaded at stresses beyond the yield stress. Thus there is no indication, at the
resolution of these observations, that a connected boundary fluid film exists.
Non-zero wetting angles are also indicated by experiments at elevated temperatures and pressures
employing a variety of aqueous fluid chemistries in quartz and olivine (Watson & Brenan 1987) and
calcite (Hay & Evans 1988). Although detailed microstructural analysis has not been done in
polycrystalline alkalai halides, observations of grain boundary fluid inclusions in hot-pressed halite
(Friedman et al. 1984) and in natural rock salt (Roedder & Chou 1982; Carter & Hansen 1983; Urai et al.
1987) demonstrate non-zero wetting angles under static conditions.
Urai and coworkers (Urai 1983, 1985, 1987; Spiers et al. 1988; Urai et al. 1986; Urai et al. 1987) have
interpreted the fluid inclusion arrays found on grain boundaries in polycrystalline halite, bischofite, and
carnallite to indicate that boundaries may be fluid filled, with water film thicknesses of as much as 100
nm, during deformation. Based on qualitative microstructural observations of deformed and undeformed
natural halite (from the Asse Mine, West Germany), Urai et al. (1986) suggest that continuous fluid-filled
boundaries might be formed during deformation from originally discontinuous arrays of grain boundary
fluid inclusions, but then revert to discrete fluid inclusions one month to a year after being deformed.
However, such inclusion arrays might also result from the healing of fluid-filled grain boundary cracks,
produced, for example, by stress relief during coring of natural samples, by thermal cracking or stress
relief in experimental samples, or from thin section preparation of either sample type. Complete healing
of intracrystalline cracks 3 mm long (the recrystallized grain size in Urai et al.'s [1986] experiments) and
100 nm thick can occur at room temperature in several hours (Hickman & Evans 1989b). Healing of
similar cracks along grain boundaries is slower and might take from several days to several months,
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depending on the relative misorientation of the crystals, the temperature, and the crack aperture
(Hickman & Evans 1989a).
In our experiments, halite/halite grain boundaries are established during the initial period of
elastic/plastic deformation during which contact stresses are maximum. Dendritic growth at the junction
of the neck with the pore fluid, including fluid inclusion formation (Fig. 5), begins immediately and
continues throughout the experiment. No intermediate metastable structures were observed. On the
scale of the optical observations, we saw no evidence of an island/channel structure, as is sometimes
postulated (Raj & Chyung 1981; Raj 1982; Lehner & Bataille 1985; Spiers & Schutjens 1989). However,
we are aware of no detailed grain boundary structure observations on high angle grain boundaries in
halite, and boundary structures at sub-optical scales are, therefore, unknown.
Interphase Boundary Structure in the Halite/Silica Experiments
During the halite/silica experiments, the dendritic morphology seen in the halite/halite experiments
was absent and no fluid inclusions were formed, at least on a scale visible with the optical microscope.
Thus, in marked contrast to the halite/halite experiments, our in-situ observations in the halite/silica
experiments suggest a low, or perhaps zero, wetting angle between the two solids, possibly due to a
structured water layer of the type first suggested by Weyl (1959; see also Rutter 1976, 1983; Robin 1978;
Tada et al. 1987).
More detailed analysis of the kinetics of the halite/silica experiments (Chapter 3) suggests that
convergence in this system is rate-limited by diffusion through some type of high diffusivity intergranular
film. An upper bound for the thickness of such a film, obtained by comparing the relative intensities of
the central contact spots and higher order interference minima in the halite/silica experiments (e.g. Fig.
6), is about 30 nm. Although these experiments do not allow one to solve independently for the
diffusivity and thickness of this inferred film, placing bounds on its thickness of 1 to 30 nm yields
interphase boundary diffusivities ranging from 1 X 10-5 cm 2/s to 6 X 10 -8 cm 2/s at 50* C (Chapter 3).
These values are many orders of magnitude greater than diffusivities measured along solid state grain
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boundaries at higher temperatures, and are less than or equal to the mutual diffusion coefficient of
sodium chloride in saturated brine at 50" C (about 2.6 X 10-5 cm2/s; Vitagliano 1960).
Comparison with Previous Single-Crystal Experiments
Our experiments are similar to previous indentation creep tests done by Tada and Siever (1986) in
that both investigate the deformation at a single halite/silica contact in brine at 50* C. There are,
however, significant differences both in the geometry of the two experimental assemblies and in the rates
of deformation observed. In the earlier indentation creep studies, a blunted quartz knife edge with a
ground finish was forced into a polished halite crystal (Tada & Siever 1986), while, in our experiments,
the upper lens has a constant radius of curvature with an optical quality finish. Typical rates of
indentation in Tada & Siever's (1986) study were several micrometers per day as compared with rates of
several hundredths of a micrometer per day for the halite/silica experiments reported here.
Although the mean normal stress is roughly similar in the two experimental suites, the differences in
geometry give rise to distinctly different stress states. For elastic deformation of a ball resting on a plate
with no friction, the normal stress on the contact spot is maximum at the center of the contact and falls to
zero at its perimeter (see Johnson 1987, Chapter 5, for a discussion of contact stresses). The maximum
differential stress in this case will occur within the interior of each solid, at a depth of about a/2 beneath
the center of the contact spot. When a blunted knife is pressed against a plate, however, substantial
intensification of local stresses can be expected because of the sharp corners at the edge of the knife. In
this case, both the normal stress on the contact and the differential stress within the plate are expected to
reach maximum values directly beneath the corners of the knife. Thus, once loads are high enough to
cause plastic yielding and cataclasis, the most highly deformed material in the plate will be in direct
contact with bulk brine. This could result in both an increase in solubility and accelerated dissolution
kinetics of material at the perimeter of the indentor (e.g. Bosworth 1981; Schott et al. 1989).
Probably owing to the dissimilar contact stresses, the mechanisms of deformation observed in each
set of experiments differed. Microstructural observations indicated that both plastic flow and fracturing
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occurred during the indentation by the quartz knife, and undercutting of the contact was immediately
apparent (Tada & Siever 1986). In our ball and plate geometry, however, no undercutting occurs.
Furthermore, fracturing, at least on the optical scale, can be ruled out by direct observation. Plastic flow
does occur in the ball and plate geometry while the initial contact region is being established, but both the
dry control experiments and the halite/halite experiments in brine indicate that there was no creep
contribution to deformation after the initial loading phase.
Comparison With Previous Polycrystalline Experiments
It is more difficult to compare our experiments, which measure deformation at a single contact, to
experiments which measure the deformation of a polycrystalline aggregate (e.g. Raj, 1982; Pharr &
Ashby 1983; Urai et al. 1986; Spiers & Schutjens 1989). Each configuration has advantages and
disadvantages. The single contact experiments have controlled geometries which allow unambiguous
identification of the deformation mechanisms. However, extensive geometrical and mechanical
assumptions are required to predict the deformation of a polycrystalline aggregate from the single
contact data. The polycrystalline aggregate experiments represent the natural deformation of rocks more
closely, but also frequently involve mixed deformation mechanisms, including sliding, rotation, and
repacking of grains, cataclasis, plastic flow, advective transport of material by pore fluids, and
intergranular pressure solution. Because the geometry of the starting material is complex, it is often
impossible to identify which mechanism is dominant based solely upon microstructural observations.
All of the polycrystalline experiments clearly indicate that aqueous pore fluids weaken halite
aggregates (Raj 1982; Pharr & Ashby 1983; Urai et al. 1986; Spiers & Schutjens 1989). Pharr & Ashby
(1983) demonstrated that weakening of potasium chloride and sucrose arose from the chemical nature of
the pore fluid by measuring uniaxial and triaxial creep strength in several pore fluids in which the solid
had varying solubility. In their uniaxial tests, however, accelerating tertiary creep rates may indicate
cataclasis. In the triaxial tests, the creep rate is relatively insensitive to changes in confining pressure at
constant differential stress, indicating low dilatancy and, perhaps, reduced cataclasis (Pharr & Ashby
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1983, Fig. 10). Given the high initial porosities of these samples (c.a. 13%), however, dilatancy in the
triaxial tests may be offset by compaction due to grain crushing at high confining pressures (Wong this
issue).
Urai et al. (1986; see also Spiers et al. 1988) measured the strength of rock salt from the Asse Mine
(West Germany) and hot-pressed synthetic halite, using stress-relaxation and strain-rate stepping
techniques, respectively, at temperatures of 20 to 150* C and strain rates down to 10-9/s. They observed
a reduction in flow stress at low strain rates (<10-7/s) in the stress-relaxation tests in those samples
which were not dilatant during pre-relaxation deformation at higher strain rates. Urai et al. (1986)
proposed that residual fluids were trapped along grain boundaries at high confining pressures, resulting
in enhanced pressure solution rates at low strain rates. Low power-law stress exponents (=1 to 2) were
obtained in both types of tests at strain rates below 10 6 to 10-7/s, both with and without added brine,
suggesting that pressure solution was the dominant mechanism at low strain rates (Urai et al. 1986).
Several questions arise regarding their mechanical data, however. Most importantly, a number of
investigators (e.g. Wawersik & Zeuch 1986; Hansen & Carter 1984; Senseny 1988) have conducted
triaxial creep tests on a wide variety of natural rock salts, including Asse rock salt, at similar temperatures
and confining pressures with no added pore fluid. Their results indicate uniformly high power-law stress
exponents (24.0) down to strain rates of 10-10/s and, therefore, are in conflict with the low power-law
stress exponents observed by Urai et al. (1986). In addition, in the pre-relaxation (constant strain rate)
phase of Urai et al.'s (1986) stress relaxation tests, the amount of dilatancy depends on total confining
pressure only (i.e is independent of pore pressure), and the magnitude of the dilatancy has no effect upon
sample strength. These results run contrary to the dependence of both dilatancy and strength upon
effective confining pressure usually found in the semi-brittle regime (Paterson 1978). Thus, it is possible
that the salt samples were being deformed under effectively undrained conditions.
Both Spiers & Schutjens (1989) and Raj (1982) have conducted hot-pressing experiments on
synthetic halite aggregates in brine at 21 to 45* C and atmospheric fluid pressures. In Spiers &
Schutjens' (1989) experiments, sieved reagent grade NaCl was compacted dry at 2.15 MPa, saturated with
brine, and densified at confining pressures of 0.6 to 4.3 MPa. Volumetric strain (i.e. the change in
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interconnected pore volume) was determined from measurements of the volume of expelled brine. At
effective confining pressures below 2.15 MPa, densification rates at constant volumetric strain are linear
in effective confining pressure and inversely proportional to grain size cubed. Spiers & Schutjen's (1989)
data are consistent with a model for densification creep rate-limited by diffusion through an "island-
channel" type grain boundary fluid layer, although their mechanical data do not require the existence of
this particular boundary structure. Alternative models which are based on diffusional control of
densification rates, but assume a different boundary structure, might explain their results equally well.
It is of interest to compare the bounds on convergence rates, ds/dt, from our single contact
halite/halite experiments with the densification rates, df/dt, of Spiers & Schutjens (1989). When
pressure solution is diffusion controlled, one must make this comparison at comparable contact spot
radius, a, and contact normal stress, Pm. For example, from the scatter in the halite/halite convergence
curves (± about 0.01 pm; Fig. 9), we estimate an upper bound on ds/dt of 1.5X10"8 m/s during
experiment PSH 16, with Pm = 6 MPa (Fig. 7A). Pm and a at grain-to-grain contacts in the densification
experiments can be estimated by using the relationship a2 = (d2e)/6, where d is the grain size and ev the
volumetric strain (Spiers & Schutjens 1989) and assuming simple cubic packing. In this manner, we
obtain Pm = 7.5 MPa and a = 50 jm from their test at an effective confining pressure (Pe) of 0.55 MPa,
d = 300 to 355 jm, and ev = 14%. Although Pm is comparable in their test and in PSH 16, the inferred
contact spot radius from Spiers & Schutjen's experiment is about an order of magnitude smaller than that
in experiment PSH 16 (mean a = 470 jm). Assuming that ds/dt oc a 2, as appropriate for pressure
solution rate-limited by intergranular diffusion (e.g. Rutter 1976), we adjust our upper bound to a value
appropriate for a = 50 Am and obtain ds/dt 5 1.3X10 "6 jm/s. This, in turn, suggests a crude upper
bound on d/dt of 1.2X10"8/s at Pe = 0.55 MPa, d = 300 to 355 pm, and ev = 14%. This is less than the
d5/dt actually measured by Spiers & Schutjens under these conditions, but only by a factor of about 2 to
3.
Raj (1982) compressed cleavage rhombs of NaCl in a steel die and determined densification rates
from measurements of piston displacement. Raj's densification rates are within an order of magnitude of
those measured by Spiers & Schutjens (1989) under comparable conditions. In spite of considerable
scatter in his data and uncertainties in loading conditions due to die-wall friction, his densification rates
are roughly inversely proportional to grain size. By comparison with theoretical models, Raj concluded
that this was indicative of intergranular pressure solution rate-limited by the kinetics of dissolution at
grain-to-grain contacts. As pointed out by Spiers & Schutjens (1989), however, Raj's failure to
incorporate total volumetric strain into his analysis may have resulted in a systematic underestimation of
the grain size sensitivity of the densification rate.
One problem endemic to all powder compaction experiments is the unknown contribution of
cataclasis to densification rates. For example, analysis and experiments suggest that microfracturing at
grain-to-grain contacts should occur at a critical effective confining pressure that is proportional to the
inverse 3/2 power of grain size (Wong this issue). If this process is occurring in Spiers & Schutjens'
(1989) and Raj's (1982) experiments, then the measured densification rates and grain size sensitivities
may reflect, at least in part, a mixture of cataclastic and solution-transfer processes and make it difficult
to identify deformation mechanisms based solely on phenomenology.
Relevance to Stylolites
Phyllosilicates, particularly illite and smectite, seem to promote intergranular pressure solution in
many sandstones and some limestones (Heald 1956; Houseknecht & Hathon 1987; Tada & Siever 1989).
Pressure solution is commonly localized along clay-rich layers of insoluble residue, or stylolites, in both
sandstones and limestones (see Engelder & Marshak 1985). Stylolites often separate rocks of differing
lithologies, and commonly occur on bedding planes, pre-existing fractures, or authigenic clay layers
(Buxton & Sibley 1981; Neslon 1983). Borns (1983) has suggested that pressure solution features can
also be found in natural halite rocks.
Several reasons for the relationship of clay content to pressure solution have been suggested. For
example, increased diffusivity of the matrix mineral may result from interlayer water in the clay minerals
or from thick water films adsorbed at the interface between the matrix minerals and the clay particles
(Weyl 1959; Rutter 1983; Tada & Siever 1989). In our experiments, convergence is measurable only
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when dissimilar materials (halite and silica) are pressed together. The exact cause of this effect is
unknown, but we presume it is due to the maintenance of an adsorbed, high diffusivity fluid layer on the
fused silica and/or halite lenses. Although this layer may be analogous to interlayer or adsorbed surface
water in clays, it is certain that pressure solution rates in other systems will be strongly affected by details
of the chemical interactions between the two solids and the aqueous pore fluid (see Israelachvili 1985).
Thus, although our experimental results on the importance of dissimilar interfaces in accelerating
pressure solution rates seem to be analogous to field observations of pressure solution in rocks, more
knowledge of surface and interface chemistry is necessary before predictions can be made regarding
more realistic natural systems.
CONCLUSIONS
Dissimilar materials in contact promote intergranular pressure solution. Convergence did not occur
at measurable rates in our experiments when two halite lenses were pressed together in saturated brine,
but did occur when halite and silica lenses were pressed together in the presence of brine. The
convergence rates in the halite/silica experiments ranged from 0.01 to 0.05 im/day and depended on
both the mean normal stress and the contact spot size. Experiments conducted without brine under the
same conditions of temperature and load as the wet experiments showed no convergence, indicating that
dislocation creep was not a significant contributor to the observed rates. In addition, no fracturing or
undercutting was observed in any of these experiments. The enhanced pressure solution rates in the
halite/silica experiments result, presumably, from the presence of a structured fluid film between the two
lenses. The maximum thickness of such a film, if it exists, is about 30 nm. This film, which is indicated in
our experiments only when dissimilar materials are in contact, is postulated to result in enhanced
interphase boundary diffusivities. A similar effect may be responsible for localizing deformation by
pressure solution at stylolites and intergranular clay.
Contrary to several existing pressure solution models, we see no evidence for continuous fluid films
or island/channel type boundary structures between similar materials under load. Residual fluid
inclusions along grain boundaries between two halite lenses loaded in brine indicate non-zero fluid
_
wetting angles. This is true over a wide range of grain boundary misorientations, even at stresses greater
than the initial yield stress. Although grain boundary structures in halite at sub-optical scales are not
known, non-zero wetting angles require that the grain boundary energy in our halite/halite experiments is
less than twice the solid/liquid interfacial energy.
Even in the absence of convergence, two grains of the same material will tend to weld together at
points of contact in response to capillary forces. This process, termed neck growth, requires that the fluid
wetting angle between the two grains be non-zero and was observed in all of our experiments in which
two halite lenses were pressed together in brine. Since neck growth (as defined here) is driven by
gradients in surface curvature, it is directly analogous to crack healing. In fact, the dendritic contact
morphologies and residual fluid inclusions observed in our halite/halite experiments are similar to
features commonly seen in healed cracks. Neck growth results from the local redistribution of mass (i.e.
within an individual pore) and, therefore, provides one mechanism for the induration of sediments that
does not require the influx of supersaturated fluids.
Experimental studies of pressure solution in polycrystalline aggregates are complicated by
competition from other deformation mechanisms, such as cataclasis, dislocation creep, and changes in
grain packing. As discussed by Spiers & Schutjens (1989), for example, an increase in the stress
sensitivity of the densification rate in their experiments at confining pressures above 2.15 MPa may
indicate increased contributions from grain repacking, recrystallization, or plasticity. By employing a
simplified experimental geometry, we were able to avoid some of the ambiguity that can arise in the
interpretation of polycrystalline experiments. However, although we isolated one particular intergranular
pressure mechanism, other pressure solution mechanisms could dominate in other materials and under
different conditions. Comparison of our results with the single-crystal experiments of Tada & Siever
(1986) indicates that slight changes in geometry and loading conditions can result in dramatic changes in
both the mechanism and rate of pressure solution. Similar transitions are possible in polycrystalline
materials. Rocks undergoing diagenesis in the earth could undergo a transition from one pressure
solution mechanism to another with increasing density or changes in geochemical environment. More
34
experiments are clearly needed in order to fully understand the mechanisms and kinetics of pressure
solution under relevant geological conditions.
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TABLE 1: PRESSURE SOLUTION EXPERIMENTS
Experiment Materials TemperatureA Radius of Fluid Load Grain Boundary Fabri- Experiment Weight How
( C) Curvature (Newtons) Misorientation catione Duration Change Convergence
(cm) (±1 ) (Hours) (Percent) MeasuredD
PSH 14 halite/halite 50.10±0.06 8.34 brine 3.7410.13 5.5 twist dry 98.6 NRE R
PSH 15 halite/halite 50.10±0.06 9.62 brine 0.8370.029 10.63 twist wet 353.8 NR R
PSH 16 halite/halite 50.170.06 9.17 brine 4.12±0.13 7.10 twist wet 185.6 +0.3 R
PSH 17 halite/silica 50.19±0.20 9.29 brine 4.22±0.11 - wet 290.3 +0.2 A
PSH 18 halite/silica 50.19±0.05 9.16 nitrogen 4.21-0.11 - dry 236.1 0 A
PSH 20 halite/halite 50.2110.06 7.86 brine 4.22-0.11 41.3 twist wet 166.4 +0.3 A
PSH 22 halite/silica 50.20±0.09 879 brine 0.762t10.023 - wet 572.0 +0.2 A
PSH 23 halite/silica 50.21±0.07 7.10 brine 0.111-0.004 - wet 527.9 +0.2 A
PSH 32 halite/halite 50.20±0.06 8.21 brine 0.993±0.025 25 o symmetric wet 70.7 +0.3 R
tilt + 7.20 twist
AMean values as recorded by precision thermometer in fluid return line; uncertainties are maximum excursions recorded by thermistor
shown in Fig. 2
BFor the piano-convex (halite) lens
CDry: Lid to microscope stage closed before brine injected using brine inlet tubes shown in Fig. 2;
Wet: Brine added directly to contact before sample assembled and microscope stage lid closed
DR: Ray method; A: Area method (see text)
ENot Recorded
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FIGURE CAPTIONS
Figure 1: Reflected light photomicrographs of halite lens which have been split and etched to reveal the
distribution of dislocation emergence points (dark spots) using the technique of Mendelson (1961). A)
Lens polished using standard abrasive polishing techniques with carborundum (15 pm and 5 pm) and
alumina (1 pm and 0.1 pm) grits suspended in isobutyl alcohol, producing an intensely damaged layer 100
to 200 pm thick beneath the polished surface. Similar damage layers were seen in sodium chloride lenses
purchased from a commercial optical company (Janos Technology, Inc.). B) Lens prepared using the
solution polishing and annealing procedure described in the text. Notice the absence of a visible damage
layer, the low overall dislocation density, and the presence of sub-grain boundaries (curved lines).
Figure 2: Schematic of the heated microscope stage used in this study. The sample column, spring, and
stagnant brine are contained within a cylindrical teflon and fused silica chamber which is surrounded on
all sides by circulating water from a constant-temperature bath. Loads are adjusted using fused silica
spacers (not shown) beneath the springs to compensate for variations in sample height. The temperature
of the circulating fluid is continuously recorded using a thermistor and measured periodically with a
precision thermometer (not shown) inserted into the water outlet line. When viewing the sample with
reflected sodium light, a quarter-wave (mica) plate is mounted on the upper window of the stage and the
sample viewed under crossed polars to eliminate back reflections from the uppermost air/silica interface.
Figure 3: Diagram illustrating the differences between neck growth and convergence between two
particles. A) In neck growth, the contact spot between the two particles grows with time through the
redistribution of material (shown by arrows) via transport in the pore fluid in response to gradients in
surface curvature. Note that points O and P, which are fixed with respect to each particle, do not move
towards one another. B) In convergence, material is transferred from the contact region to the pore in
response to stress concentrations between the two particles. Although convergence also results in growth
I___l_ IL__mYBII__I_
of the contact spot, points O and P move towards one another, indicating relative motion of the two
particles. In this study, we were able to measure neck growth and convergence independently (see text).
Figure 4: Sample configuration showing upper (convex) and lower (flat) lenses. The diameter of the
contact spot between the two lenses is 2a, and the shape of the convex lens prior to loading is shown as a
dashed line. By monitoring the positions of the interference fringes (Newton's Rings) produced between
the adjacent surfaces of two lenses under reflected sodium illumination (A), the change in thickness of
the gap between these lenses, h(r), and their relative convergence, s, is determined (see text).
Figure 5: A), B) Reflected sodium light interferograms of a convex halite lens pressed against a halite flat
(sample PSH 15) in brine for the times shown. The dark lobate, or dendritic, region in the center of each
photo is the contact spot formed between the two lenses and contains fluid-filled tubes and residual fluid
inclusions. The dark concentric bands are interference minima (Newton's rings) and are partially
disrupted by imperfections in the lens surfaces and through localized mass transfer near the contact spot.
As these lenses were immersed in saturated brine (refractive index = 1.376), the change in lens
separation between adjacent interference fringes is 0.214 p/m. C) Transmitted light photomicrograph of
this sample taken at the same time as B).
Figure 6: A), B) Reflected sodium light interferograms of a convex halite lens pressed against a fused
silica flat (sample PSH 17) in brine for the times shown. The roughly circular dark patch in the center of
each photo is the contact spot between these two lenses. The change in lens separation between adjacent
interference fringes (Newton's rings) is 0.214 &m.
Figure 7: Mean normal stress as a function of time for experiments in which two halite lenses were
pressed together (halite/halite) and for experiments in which a halite lens and a fused silica lens were
pressed together (halite/silica). The applied loads are indicated. Error bars are shown for the last data
point in each experiment, but only when the error is larger than the corresponding symbol.
Figure 8: Examples of the plots used to measure convergence using A) the area method (for halite/silica
sample PSH 22) and B) the ray method (for halite/halite sample PSH 16). The dashed line indicates the
expected relationship between interference minima order number, m, and either the enclosed area, Am,
or the radius squared, rm2 , prior to the application of load (i.e. when s = 0 in Fig. 4). The convergence
that occurs immediately after the load is applied (due presumably to elastic/perfectly plastic
deformation) is indicated by s(0), and is followed by time-dependent convergence in A) but not in B).
Figure 9: Convergence as a function of time for the halite/silica experiments in brine (upper three
curves), the halite/halite experiments in brine, and the dry halite/silica experiments. The loads applied
during each experiment are indicated. Except for sample PSH 32 at 71 hours, the error bars (at + 1
standard deviation) are approximately the same size as the symbols and are not shown.
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CHAPTER 3
EXPERIMENTAL PRESSURE SOLUTION, 2: KINETICS OF
PRESSURE SOLUTION AT HALITE-SILICA INTERFACES,
WITH EXTENSION TO INTERGRANULAR CLAY FILMS
INTRODUCTION
The mechanisms and kinetics of pressure solution at grain-to-grain contacts must be known before
we can predict the rates of diagenesis and tectonic deformation in the middle to upper crust. Yet, despite
numerous attempts by experimentalists, theoreticians, and field geologists to understand this process, the
fundamental physical and chemical processes responsible for intergranular pressure solution have
remained an almost complete mystery. Two classes of models have been proposed for intergranular
pressure solution: water film diffusion and undercutting. In water film diffusion models (Figure 1A),
material dissolves along a loaded grain or interphase boundary under a high mean normal stress, aN,
diffuses through a high diffusivity film between grains, and precipitates in a pore at a pore pressure, Pf.
Water film diffusion can be rate-limited either by diffusion in the intergranular film (diffusion limited;
e.g. Weyl, 1959; Elliot, 1973; Rutter, 1976; Spiers and Schutjens, 1989) or by dissolution/precipitation
kinetics at the solid-liquid interface (interface limited; e.g. Raj and Chyung, 1981; Raj, 1982). In
undercutting models (Figure 1B), the size of the contact spot between grains is reduced through free-face
dissolution of material at the perimeter of the grain contact until the strength of the remaining material is
exceeded. Failure of the neck region is then presumed to occur, either through brittle failure (Bathurst,
1958; Weyl, 1959) or dislocation flow (Pharr and Ashby, 1983; Tada and Siever, 1986).
The structure and diffusivity of the grain boundaries (separating two grains of the same phase) or
interphase boundaries (separating dissimilar phases) required by these two types of models differ greatly.
Water film diffusion requires a high diffusivity grain or interphase boundary that is capable of supporting
macroscopic gradients in normal stress. Some workers propose that this high diffusivity phase is in the
form of a strongly adsorbed (or structured) water layer, with thermodynamic and transport properties
different from those of bulk water (Weyl, 1959; Robin, 1978; Rutter, 1977, 1983; Tada et al., 1987).
Alternatively, others have proposed that this boundary phase consists of load-bearing "islands"
surrounded by an interconnected network of fluid-filled channels (i.e. an "island-channel" structure),
wherein the fluid has properties close to those of bulk water (Raj and Chyuang, 1981; Raj, 1982; Spiers
and Schutjens, 1989). Undercutting models do not require the presence of a high-diffusivity boundary
between grains, but they do require either near-zero fluid wetting angles (Pharr and Ashby, 1983) or
enhanced solubility of the material at grain-to-grain contacts (Bathurst, 1958; Weyl, 1959; Tada and
Siever, 1986). Undercutting has been directly observed in the single crystal pressure solution
experiments of Tada and Siever (1986). However, although the inferred-driving force for water film
diffusion is much greater than that for undercutting (DeBoer, 1977; Robin, 1978; Tada et al., 1987), Tada
et al. (1987, p. 2295) note that "convincing evidence of WFD [water film diffusion] has yet to be reported".
In Chapter 2 of this thesis, data were presented from an experimental study of pressure solution at
grain-to-grain contacts in the halite/brine system. By using a simplified model geometry, smooth
curvatures, and very light loads in those experiments, it was possible to avoid many of the uncertainties
that have plagued experimental studies of pressure solution using polycrystalline samples. In those
single-contact experiments, it was shown that intergranular pressure solution occurs at measurable rates
in the halite/brine system only at the contacts between dissimilar materials: in this case, halite and silica.
Importantly, as no undercutting was observed in any of these experiments, they provided what may be the
first direct demonstration of the water film diffusion mechanism for intergranular pressure solution. In
what follows, we present two suites of experiments designed to study the kinetics of intergranular
pressure solution at halite/silica contacts in greater detail, using the same experimental geometry
employed in Chapter 2. In the first suite of experiments, in order to determine the dependence of
intergranular pressure solution rates upon mean normal stress and contact spot size, convex halite lenses
and fused silica flats were pressed together in brine at constant temperature (50* C), but at loads of 0.11
to 4.22 N. In the second suite of experiments, in order to determine the dependence of intergranular
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pressure solution rates on temperature, halite and fused silica were pressed together in brine at constant
loads (0.11 N), but at temperatures of 8.3* to 90.2* C. In both suites of experiments, control
experiments were conducted in dry nitrogen under the most extreme conditions of temperature and load
employed (i.e. at the highest load in the constant temperature experiments, and the highest temperature
in the constant load experiments) to determine if dislocation creep was contributing to the observed
convergence rates.
As a supplement to these constant temperature and constant load experiments, we also conducted an
experiment studying the effect of adsorbed surface water on indentation creep of nominally dry halite
(the Rebinder effect) and an experiment measuring mean normal stress across halite/silica contacts as a
function of load. The latter experiment, which was performed using a modified indentation hardness
testing machine (Tukon tester), provides an independent check on the contact stresses calculated for the
in situ experiments and provides insight into the mechanics of the initial contact between the halite and
silica lenses. Finally, as a qualitative demonstration of the effect that intergranular clays and other
insoluble second phases might have upon intergranular pressure solution rates, we conducted an
experiment in which a convex halite lens was pressed against a fused silica flat coated with
montmorillonite in brine (halite/clay/silica experiment) and an experiment in which a halite lens was
pressed against a polished shale disk in brine (halite/shale experiment). Except for the experiment using
the modified Tukon tester, all experiments discussed below were conducted using the heated microscope
stage described in Chapter 2.
EXPERIMENTAL TECHNIQUE
Sample Preparation
The halite lenses employed in all of these experiments were polished parallel to the {001} cleavage
and annealed, using the procedures already described in Chapter 2. In order to minimize variations in
starting material, all halite lenses used in this thesis were prepared from the same single crystal of optical
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grade synthetic sodium chloride (supplied by the Harshaw Chemical Company). Halite lenses were
weighed before and after each experiment to determine if any gross dissolution of -- or precipitation on --
the lens had occurred.
Montmorillonite was chosen for the halite/clay/silica experiment because of its demonstrated
capacity for adsorbing interlamellar and/or surface water, even while under high compressive stresses
(Viani et al., 1983; Newman, 1987). The Na-montmorillonite film used in this experiment was prepared
using standard techniques for the preparation of basal oriented thin clay films for quantitative X-ray
analysis (e.g. Gibbs, 1965; Brown, 1961). Montmorillonite from Polksville, Mississippi, (Clay Mineral
Standard, API #21, Wards Scientific Co.) was first placed in a saturated sodium chloride solution,
ultrasonically disaggregated, and soaked for about 18 hours in order to saturate the exchangable cation
sites with sodium. This suspension was then centrifuged and the clear brine was decanted. Distilled
deionized water was added to the centrifuge tube, the sample was ultrasonically disaggregated and then
centrifuged again, and the clear liquid was carefully decanted with a pipette. This operation was repeated
until flocculation ceased. This suspension was then ultrasonically disaggregated and the < 0.5 pm size
fraction was isolated by Stoke's settling. A dilute, disaggregated suspension of this size fraction was
placed over a fused silica disk in a flat-bottomed tube and centrifuged. The centrifuge tube and silica
disk were then dried under an infrared heat lamp, which was placed at such a distance that the surface
temperature never exceeded 43" C. The sides and bottom of the silica disk were then wiped clean, and
the disk was weighed and placed in a dessicator until the start of the experiment. Comparing the weights
of the silica disk before and after deposition of the clay film, assuming no porosity, and using a density of
2.5 g/cm 3 for montmorillonite, indicates a thickness for this clay film of about 0.8 ± 0.2 pm. After the
experiment, the silica disk was gently soaked in distilled water to remove precipitated NaCI and dried.
The thickness of the remaining clay film in the center of the silica disk was then measured under reflected
sodium illumination by scraping half of the silica disk clean with a razor blade, rocking a convex glass lens
from the clean silica surface onto the clay layer, and counting the Newton's rings at the moment of
contact. The clay film thickness so determined ranged from 0.4 to 1.0 pm, in good agreement with the
0.8 pm value.
For the halite/shale experiment, a low-grade (sub-greenschist facies) shale from the Allegheny
Formation, northeast Pennsylvania, was used. An X-ray diffraction analysis of this sample (Juster, 1984)
shows it to contain illite, koalinite, chlorite, quartz, paragonite and mixed-layer paragonite/muscovite and
illite/smectite. A 1-cm-diameter disk of this shale was mounted on an epoxy base, thinned to 0.7 mm
using a diamond-impregnated lap, and polished (perpendicular to the bedding plane) in water using 1
and 0.1 14m alumina grits. The shale disk was then ultrasonically cleaned in a mild detergent solution
followed by distilled water and vacuum dried at 75* C for 18 hours. The shale disk was vacuum
impregnated with saturated brine at run temperature for 2.5 hours before starting the experiment. -
The distribution of dislocations in the halite lens from one of the dry halite/silica experiments (PSH
34) was determined by etching in a solution of 4-gm FeCI3 per liter of glacial acetic acid (Mendelson,
1961) for about 1 minute and rinsing in acetone. This lens was then split through the contact spot using a
spring-loaded guillotine device on a microscope stage and etched again to reveal the depth of the
damaged zone beneath the contact. Etching was performed in dry nitrogen in a glove bag to avoid
contamination by atmospheric moisture.
Convergence Measurement
Both the area and ray methods (described in Chapter 2) were used in measuring convergence in
these experiments. In order to obtain repeatable values for convergence in a given experiment it was
necessary to digitize the interferograms directly from the negatives in the darkroom. Digitizing from
photographic prints resulted in unpredictable fluctuations in scale, which may have been due to
differential expansion of the photographic paper in response to variations in atmospheric humidity or
differences in chemical treatment and wash times during developing. In order to avoid distortion of the
image or changes in magnification during the analysis of a given experiment, the negatives were held flat
in the enlarger using a glass negative holder and the image projected onto a digitizing tablet with both the
enlarger head and focusing mechanism locked in position. The cursor from the digitizing tablet was fit
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with an opaque white target, with a small black dot centered over the cursor cross hairs, to avoid parallax
errors that would otherwise result from oblique viewing of the image on the enlarger easel.
The refractive index of saturated brine at the experimental temperatures must be known in order to
determine the convergence between the two lenses. As such information was not available in the
literature (except at room temperature), we measured the refractive index of saturated brine for sodium
light, nD, at temperatures of 9" to 70* C (Figure 2) using an Abbe-3L Refractometer (manufactured by
Bausch and Lombe, Inc.) connected to an external constant temperature bath. As it was found to be
unsafe to heat the refractometer prism above 70" C, nD at higher temperatures was obtained through
linear extrapolation. Also shown in Figure 2 is nD calculated from the molar refraction of saturated
brine at 20* C (derived from the data in Wolf et al. [1971]), using the density of a saturated sodium
chloride solution as a function of temperature (Kaufmann, 1960) and assuming that the molar refraction
does not change significantly over this concentration range. Notice that the measured change in nD with
temperature is small, and agrees quite well with the calculated values.
As the low-order fringes in the halite/clay/silica experiment (PSH 27) were disrupted by fibrous
extensions of the central contact spot (see below), and because it was not initially known whether the
interference fringes observed corresponded to reflections from the top or the bottom of the clay layer, it
was impossible to determine the order of interference minima simply by counting outwards from the
central contact spot. Therefore, a variable wavelength monochromatic light source was used to
determine the order numbers of interference minima in this experiment. This monochromatic light
source, which was comprised of a monochrometer (Cambridge Thermionic Corporation, model B [see
Hurlbut and Rosenfeld, 1952]) in conjunction with an incandescent tungsten illuminator, was calibrated
against a high resolution scanning spectrometer (manufactured by the McPherson Co.) before use. In
using the monochromatic light source, the wavelength of the illumination was adjusted until an
interference minima coincided with a particular feature near the contact spot. The wavelength of the
illumination was then decreased from this value, A1, to a new value, T2, so as to replace this (mth order)
interference minima with the next highest order (m + 1) minima. Making use of the condition for an
interference minima (Chapter 2, equation 1), both for the fringe of order m (for which A = A1) and for
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the fringe of order m + 1 (for which A = A2), and noting that the lens separation is identical at both
wavelengths (i.e hm = hm+1), one obtains the relation:
hm = AA 2/2n(A 1 - A2) (1)
where n, the refractive index of saturated brine, is assumed constant for both wavelengths. Thus,
equation (1) allows us to determine lens separation, hm, without knowing the order number, m.
Contact Area and Mean Normal Stress
Contact area, Ao, was determined in the darkroom directly from the negatives by tracing out the
innermost indication of reflected sodium light on a digitizing table. The equivalent contact spot radius, a,
was defined as the radius of a circle whose area is equal to that of the contact spot. Picking the perimeter
of the central contact spot involves a certain amount of subjectivity, especially at low loads where the
halite lens is more nearly tangential to the silica flat and the transition from the central dark spot to the
zero order interference maxima (i.e. the first light band surrounding the contact spot) is more gradual.
The uncertainties in contact area so determined, and the corresponding uncertainties in contact spot
radius and mean normal stress, were conservatively estimated as plus-or-minus the difference between
the measured contact area and the area enclosed within a perimeter roughly midway between the
perimeter of the contact spot and the zero order maxima. A function relating this uncertainty to the area
of the contact spot was determined from the high, intermediate, and low load halite/silica experiments in
brine at 50* C (PSH 17, PSH 22, and PSH 23) and applied to all other experiments. We believe this to
be a reasonable estimate of the accuracy with which contact areas can be measured; the precision with
which contact area can be measured within a given experiment is considerably better than this.
Mean contact normal stress, Pm, was obtained from the calculated contact load, LC, and the
measured contact area, A0 , using Pm = LC/AO. As the spring load, Ls, was applied at the base of the
sample assembly, which was separated from the contact spot itself by a fused silica disk and (in most
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cases) a halite lens (see Chapter 2, Figure 1), L was obtained by subtracting the weight of the intervening
sample assembly from Ls. This sample weight correction (- L -Lc) ranged from 0.007 to 0.011 N for the
experiments reported here. All of these experiments were conducted either in brine or gas at
atmospheric pressure. The spring loads were superimposed on this hydrostatic fluid pressure and Pm is,
therefore, an effective normal stress (i.e. aN = Pm + Pf m L/A + Pf, where aN is the mean total normal
stress and the fluid pressure, PT is 0.1 MPa; see Figure 1). Although this distinction is of little practical
consequence in most of these experiments, it does become important in the experiments conducted at the
lowest loads, where Pm becomes as low as 0.5 MPa.
Modified Tukon Tester
We used a modified indentation hardness measuring apparatus (Figure 3) in order to obtain
measurements of Pm as a function of load for halite/silica contacts. This serves as an independent check
on contact stresses determined for the halite/silica experiments conducted in the heated microscope
stage, and provides information on the mechanics of the initial elastic/perfectly plastic contact between
the two lenses. The halite lens used in this experiment was prepared using the same polishing and
annealing procedure employed in the other experiments. The hydraulic damping mechanism of the
hardness tester was adjusted to lower the halite lens onto the fused silica flat from a height of about 1
mm in approximately 40 seconds. Following a dwell time of 2 minutes, the contact spot was
photographed under reflected sodium light using the same microscope objective and eyepiece used to
photograph contacts in the heated microscope stage.
RESULTS
Halite/Silica Experiments in the Heated Microscope Stage
A total of seven experiments were conducted in which halite and silica lenses were pressed together
in brine, at loads of 0.11 to 4.22 N and temperatures of 83* to 90.2* C (Table 1). Experiments PSH 22
_
and PSH 26 were conducted in brine under nominally the same conditions of temperature (50.2" C) and
load (0.76 N) as a check on experimental repeatability. In order to ascertain the possible contributions of
dislocation creep to the convergence rates observed in these experiments, halite and silica lenses were
also pressed together in dry nitrogen at 50.2* C (PSH 18) and 90.5* C (PSH 30). An additional
dislocation creep control experiment (PSH 34) was conducted in moist air at temperatures ranging from
room temperature (c.a. 23" C) up to 89.90 C.
Temperature Stability: Except for a power failure during experiment PSH 31 and the room
temperature portion of experiment PSH 34, the maximum temperature excursions recorded during these
experiments ranged from ± 0.07" to ± 0.200 C (Table 1). A power failure occurred 95 hours into the
experiment at 8.3* C (PSH 31), resulting in a warming of the stage to 13.4" C over a period of about 50
minutes before the stage temperature was returned to normal. Fortunately,- this apparently had no effect
upon the lens surface topography, the contact spot size, or the convergence rate (see below). In addition,
there was also no discernible change in the weight of the halite lens during this experiment (Table 1).
The failure of this temperature excursion to affect the experiment deleteriously is, presumably, due to the
short duration of the disturbance, the relatively weak temperature dependence of solubility in this system
at low temperatures (see Figure 22B), and the small volume of brine trapped between the halite and
silica lenses.
Contact Morphologies: Examples of interferograms taken during a halite/silica experiment in
saturated brine at 50.2" C are shown in Figure 4. Notice that the contact spot retains its roughly circular
geometry throughout the experiment, and does not develop the dendritic patterns that typify the
halite/halite experiments in brine (Chapters 2 and 4). The monotonic increase in size of the contact spot
(central dark region) and the outward migration of interference fringes with time indicate relative
convergence between the two lenses. The localized perturbations to the interference fringes that are
evident below and to the left of the contact spot may result from either the accentuation of initial
imperfections in the lens (Figure 4A) or through the grooving of sub-grain boundaries (see Figures 13C
and D) intersecting the lens surface.
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In all of the halite/silica experiments conducted in brine at or below 50" C, brine was added directly
to the contact spot before the lid was closed and the sample chamber filled with brine (fabricated wet; see
Table 1). At higher temperatures, however, the standard technique of wet fabrication could not be used
due to rapid evaporation of the brine after it was added to the contact spot and the resulting precipitation
of NaCl onto the halite lens. In the two halite/silica experiments conducted in brine at 90.1* and 90.2* C
(PSH 28 and PSH 29), the lid to the sample chamber was closed, the heated microscope stage was tilted
on its side (to avoid trapping air between the two lenses), and the brine was injected into the sample
chamber through the lower of the two brine inlet tubes (fabricated dry; see Figure 2 in Chapter 2). The
contact spots were then immediately examined under reflected sodium illumination. No residual trapped
air was visible at the contact spot in either PSH 29 (Figure 5) or PSH 28. In experiment PSH 28, an
additional operation was then performed to insure wetting of the contact spot. While observing the
contact under the microscope, the halite lens was rocked back and forth using a thin wire inserted into
the sample chamber through the upper brine inlet tube. Although this operation was successful in that it
clearly exposed the halite and silica surfaces on either side of the contact spot to brine, it also severely
abraded the halite lens. Importantly, the resulting surface roughness apparently led to the creation of an
"open" (or porous) boundary structure between the two lenses in the early stages of the experiment
(Figure 6A) and a highly irregular contact spot (Figures 6A and B).
With the possible exception of experiment PSH 28 (discussed above), whose contact region is too
damaged to draw conclusions regarding deformation microstructures, fracturing or cataclasis was not
observed during any of the halite/silica experiments (e.g. Figures 4 and 5). Undercutting was also not
observed in any of the experiments conducted in this study, at least on an optical scale. Even in
experiment PSH 28, where the lens surface was intensely damaged, the area of the contact spot increased
monotonically with time and no undercutting was observed (Figure 6).
Contact Stresses: The magnitude of Pm in the halite/silica experiments immediately after the load is
applied ranges from about 2.4 to 12.4 MPa (Figure 7). With the exception of the halite/silica
experiments conducted in dry nitrogen (PSH 18 and PSH 30) or moist air (PSH 34, see below), Pm then
decreases with time as the two lenses converge. Notice that the initial magnitudes of Pm for halite/silica
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experiments conducted at comparable loads agree quite well. The magnitudes of Pm throughout
experiments PSH 22 and PSH 26 agree to within experimental error.
Convergence: As noted in Chapter 2, convergence was observed in halite/silica experiments only in
the presence of brine; no convergence was observed when these experiments were conducted in dry
nitrogen. In order to examine the effects of normal stress and contact spot radius, a, on convergence
rates, halite/silica experiments were conducted in brine at constant temperature (50.2* C) but at varying
loads (0.11 N, 0.76 N, and 4.22 N). The plots used to determine convergence in these experiments are
given in Figure 8; also shown is the data from a halite/silica experiment conducted in dry nitrogen at the
same temperature (50.2* C) and 4.21 N. The instantaneous convergence, s(0), that occurs in all these
experiments immediately after the application of load is proportional to the applied load. In the
experiments conducted in brine, the convergence that follows is indicated by the outward migration of
fringes with time (i.e. the increase in A m for a given m). Note that this time-dependent convergence is
greatest for the low and intermediate load experiments (Figure 8A and B), in spite of the fact that s(0)
for these experiments is relatively small.
The fit of the data from the low and intermediate load experiments to straight lines indicates
constant lens curvature (Figures 8A and B). The data at high loads, however, show significant departures
from linearity at low order numbers (Figures 8C and D). This phenomenon, which indicates a deflection
of the surface of the halite lens near the contact spot ("sinking in"), was seen in all halite/silica and
halite/halite experiments conducted at high loads. Sinking in is indicative of the plastic deformation of
an annealed, work-hardening material (Mathews, 1980). Notice that the severity of this sinking in
decreases with time in the halite/silica experiment conducted in brine (PSH 17; Figure 8C).
By subtracting the initial elastic/perfectly plastic convergence, s(0), from the total convergence one
obtains the time-dependent (or creep) component of the convergence (henceforth simply called
convergence) for these experiments (Figure 9). In PSH 22 and PSH 23 (see Figures 8A and B),
convergence was determined as the mean and standard deviation of the convergences derived using
interference minima of order one to ten. In experiments PSH 17 and PSH 18, because of the sinking-in
observed near the contact spot (see Figures 8C and D), convergence was determined using only
interference minima of order six to ten and three to ten, respectively. Note, that the convergence rates in
the halite/silica experiments in brine decrease with time and are lowest for the experiment conducted at
the highest load (PSH 17). As shown below, this is due to the competing effects of Pm and a on
convergence rates.
The convergence curves from experiments PSH 22 and PSH 26, which were both conducted in brine
at 50.2* C and 0.76 N, are compared in Figure 10. In experiment PSH 26, there was a sharp vertical
offset (of unknown origin) in the polished surface of the halite lens. As this offset passed directly through
the contact spot when the sample was first assembled, the two lenses had to be repositioned 1.75 hours
into the experiment. Although this operation did not visibly damage the contact spot, the offset passed so
close to the contact spot after repositioning that it truncated all interference minima above the first order.
The convergence curves shown for PSH 26, therefore, are estimated from the increase in area contained
within either the contact spot (m = 0) or the first order interference minima (m = 1) with time. In spite
of the resulting uncertainties in convergence for PSH 26, the data from these two experiments agree fairly
well.
In order to ascertain the effect of temperature upon convergence rates, halite/silica experiments
were also conducted in brine at constant load (0.11 N) but at varying temperatures (83", 50.2", and
90.2* C; Figure 11). A halite/silica experiment (PSH 30) was also conducted in dry nitrogen at 0.11 N
and 90.5" C as a control on dislocation creep. As was the case in the variable-load experiments at 50.2"
C (Figure 9), convergence was observed in these low-load experiments only when halite and silica were
pressed together in brine. Surprisingly, however, experiments PSH 23, PSH 29, and PSH 31 show nearly
identical convergence rates, in spite of the fact that they cover a range of about 82* C in temperature.
Notice that experiment PSH 28, whose contact spot was damaged by the in-situ teasing operation (Figure
6), converges at a rate exceeding (by about 30%) that of the other experiments only for small elapsed
times, and then decreases to a comparable value after about 65 hours.
Water adsorbed from the ambient atmosphere onto a solid has been shown to affect the plastic
deformation and fracture of a number of ionic and covalent materials, and can give rise to time-
dependent softening (indentation creep) and microhardness anisotropy. These effects are collectively
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termed the Rebinder effect (see Latanision, 1977). Although the exact cause of these effects is unclear,
they are evident only when the damage zone is confined to very shallow depths (less than about 3 ym;
Westbrook and Jorgensen, 1965, 1968; Hanneman and Westbrook, 1968). Nevertheless, in order to see if
the Rebinder effect might contribute to the convergence observed in the halite/silica experiments in
brine, we conducted one experiment (PSH 34; see Table 1) in air at 41% relative humidity and high loads
(4.07 to 4.23 N). PSH 34 was exposed to laboratory air at 41% relative humidity for 27 hours and then
sealed in air in the microscope stage at room temperature. After 188 hours at approximately 23" C, the
temperature was increased to 50.2* C for 286 hours, and then to 89.9* C for 103 hours, without
disturbing the sample. Although there is a decrease in Pm from 13.4 to 12.5 to 11.2 MPa (Figure 12A),
and a corresponding instantaneous convergence (Figure 12B), that accompanies each increase in
temperature, no time-dependent convergence was observed once the tempetature has stabilized.
Plastic Deformation: At the conclusion of experiment PSH 34, the lid to the microscope stage was
loosened and slightly tilted to reveal a residual flat spot on the halite lens, with the same size and at the
same location as the contact spot (Figures 13A and B). Etching of PSH 34 after it was removed from the
stage, both in plan view (Figure 13C) and in cross section (Figure 13D), revealed a very high dislocation
density beneath and surrounding the contact spot. Notice that the damaged layer extends to a depth
roughly comparable to the diameter of the contact spot. The continuation of the damage zone above and
to the left of the contact zone in Figure 13C is probably produced by rolling of the halite lens against the
fused silica flat during opening and closing of the microscope stage. In addition, the extensive damage to
the right of the contact spot (Figure 13C) probably resulted from the repositioning of the sample at the
beginning of the experiment in order to avoid a large grit particle which had become trapped between the
halite and silica lenses. Sub-grain boundaries (black lines) are visible both on the surface of the lens
(along the left-hand side of Figure 13 C) and within the interior of the crystal (Figure 13D).
Halite/Silica Experiment Using the Modified Tukon Tester
In experiment PSH 35, Pm across halite/silica contacts was measured as a function of load using the
modified Tukon Tester (Figure 14). Except for the measurement at 6.87 N (point A), which was made
after the measurement at 8.83 N, Pm was measured proceeding from the lowest load (0.098 N) to the
highest load (10.79 N). The halite lens was mounted on a compliant backing, which produced a tilting
(i.e. rotation) of the lens with increasing load. The resulting shift in position of the contact spot between
photographs revealed a plastic flattening of the halite lens that was first evident at a load of 0.98 N and
became more severe with increasing load. By 1.96 N, this plastically flattened spot had increased to a
diameter roughly equal to that of the contact spot (see Figure 13B). The contact spot shifted while the
photograph was being taken at 3.92 N (point B), resulting in a double exposure. The contact stresses
from both exposures are shown: Pm changed from 13.1 MPa before the spot moved to 15.9 MPa after it
moved. The anomalously low Pm indicated at 6.87 N (A), and the double-valued Pm at 3.92 N (B),
indicates that Pm at high loads depends upon both load and loading history, in a manner that is
qualitatively consistent with lens flattening at loads above about one Newton.
Also shown in Figure 14 is the calculated Pm for the purely elastic contact between a sphere and
plate under an applied load, LC, assuming no friction (e.g. Lubkin, 1962; Timoshenko and Goodier, 1970)
and neglecting pore pressure effects (i.e. Pm = aN):
Pm = [cl1/3/r][4Eo/3R]2/ 3  (2)
where:
1/E ° =[(1 - v12)/E 1] + [(1- 22)/ E2] (3)
and R is the radius of the sphere and vI and v'2 and El and E2 are the Poisson's ratios and Young's
modulai, respectively, of the two materials. The calculations shown were made using R = 8 cm and the
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room-temperature elastic constants v = 0.26 and El = 37 GPa for halite (average of Voigt and Reuss
averages [Simmons and Wang, 1971]) and v 2 = 0.17 and E2 = 70 GPa for fused silica (Esco Products
Inc., 1986).
Clay Film and Shale Experiments in the Heated Microscope Stage
Contact Morphologies: A halite/clay/silica experiment (PSH 27) was conducted in brine at 50.20 C
and 0.76 N (Table 1). The magnitude of Pm during this experiment decreased from about 2.79 MPa to
0.59 MPa in 359 hours (Figure 7B). This sample was fabricated dry, and small air bubbles were trapped
within the central contact spot at the beginning of the experiment. These bubbles completely disappear
within about 2 hours after brine was injected into the sample chamber. Interferograms taken during this
experiment (Figure 15) show that the contact spot grows rapidly and retains a roughly circular geometry
throughout the experiment. The dark patch above and to the left of the contact spot in Figure 15A
resulted from migration of the contact spot during the initial 15 hours of the experiment, with most of the
migration occurring in the first 2 hours. The total migration distance was about 0.3 mm.
Fine fibrous features extended into the surrounding brine to a distance of about 100 jm from the
contact spot in PSH 27 (Figure 15). This disrupted the low-order interference minima and made it
impossible to ascertain the order numbers of fringes simply by counting outwards from the central
contact spot (m = 0). Use of the variable wavelength monochromatic illuminator at an elapsed time of
359 hours, however, showed that the lowest order minima visible in Figure 15B (between the fibrous
features) was m = 1, corresponding to a lens separation of 0.214 um. Given the approximately 0.8 pm
thickness of the clay layer, the presence of interference minima of m < 4 adjacent to the contact spot
indicates that these minima originate from reflections off the halite/brine and brine/montmorillonite
interfaces and not the halite/brine and montmorillonite/silica interfaces (the importance of this
distinction will be made clear below). This interpretation is supported by calculations of the ratio of the
intensities of the reflected and incident waves (reflectance) for the various interfaces involved in this
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experiment. Using Fresnel's formula for normally incident light (e.g. Rossi, 1957, p. 376), the reflectance,
r, of an interface between two transparent materials is:
1 = [(n - n2)/(n + n2)12 (4)
where nI and n2 are the refractive indices of the media on either side of the interface. Approximating the
montmorillonite film as a homogeneous layer, and using n = 1.544 for halite (Kaufmann, 1960), 1.376 for
saturated brine (Figure 2), 1.49 to 1.51 for montmorillonite (Kerr, 1977), and 1.458 for fused silica (Esco
Products Inc., 1986), indicates that the reflected intensities from both the halite/brine and the
brine/montmorillonite interfaces should be about one order of magnitude greater than that from either
the halite/montmorillonite or the montmorillonite/silica interfaces. The low reflectances from
halite/montmorillonite and montmorillonite/silica interfaces probably also explains the absence of a
secondary set of Newton's rings within the central contact spot in this experiment (Figure 15).
The halite/shale experiment (PSH 25) was conducted at loads and temperatures comparable to the
halite/clay/silica experiment: 50.2* C and 0.77 N (Table 1). Experiment PSH 25 exhibited an extremely
rapid increase in contact area with time (Figure 16), and Pm correspondingly decreased from 3.54 to 0.34
MPa in 395 hours (Figure 7B). Unfortunately, although interference fringes were visible in the initial
interferograms (e.g. Figure 16A), these fringes had completely degraded after only a few days in brine.
The poor quality of the interferograms resulted from the combination of an initially low quality surface
finish on the shale lens and an apparent roughening of both the shale disk and the halite lens during the
experiment. The cause of this roughening is unknown, although a faint red halo, surrounding the contact
spot, was evident on the polished surface of the shale disk when it was removed from the microscope
stage.
Convergence: The ray method was used to determine convergence in the halite/clay/silica
experiment, PSH 27 (Figure 17). To avoid errors in convergence due to the contact spot migration that
was observed at the beginning of this experiment, the radius of each fringe was determined from the
maximum diameter that could be drawn parallel to the ray constructed at 1.57 hours. As before, the
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good fit of the data to straight lines indicates constant lens curvature. Convergence was determined as
the mean and standard deviation of convergences from orders 5 through 14. In spite of the differences in
materials, notice that s(O) from this experiment, once multiplied by 7r to convert from radius squared to
area, agrees quite well with s(0) from the halite/silica experiment conducted at the same load and
temperature (Figure 8B).
Owing to the poor quality of the interferograms from PSH 25, a crude estimate of convergence
during this experiment was obtained using the area method, but employing only the change in area of the
contact spot (i.e. the m = 0 interference minima) with time.
The convergence from the halite/shale and halite/clay/silica experiments are shown in Figure 18,
after subtracting the initial convergence, s(0). Also shown for comparison are convergence curves from
halite/silica and halite/halite (see Chapter 2) experiments conducted in brine at comparable
temperatures and loads. Comparing the halite/clay/silica experiment (PSH 27) with the halite/silica
experiment (PSH 22) indicates a nearly five-fold increase in convergence rates due to the presence of an
approximately 0.8-pm-thick montmorillonite layer. The halite/shale experiment (PSH 25), taken at face
value, suggests that an even greater increase in convergence rates occurs in the presence of an
approximately 0.7-mm-thick intergranular shale layer. The interpretation of the halite/shale experiment
is equivocal, however, due to the loss in coherence of the interference fringes during this experiment.
DISCUSSION
Mechanics of Initial Elastic-Plastic Contact
The agreement between Pm measured at the beginning of the halite/silica experiments conducted in
the microscope stage and the data from the test using the modified Tukon tester (PSH 35) is good,
especially at low to intermediate loads (Figure 14). The initial Pm from PSH 17, 18, and 34 are somewhat
lower than the PSH 35 data at similar loads. This is probably due to a combination of plastic flattening at
high loads and the temperature dependence of Pm (see Figure 12A).
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Due to the large radii of curvature of the halite lenses used in the present study, the mechanics of the
initial contact between a convex halite lens and a fused silica flat can be closely approximated by the
indentation of an elastic-plastic half space by a rigid sphere (see McClintok and Argon, 1966; Tabor,
1951; Johnson, 1987). If the indented material is elastically and plastically isotropic and pore pressure
effects are neglected (i.e. Pm = aN), the mean contact normal stress, Pm, and the differential yield stress,
Y, are related by (Tabor, 1951; Johnson, 1987, p. 171):
Pm = CY (5)
where the constraint factor, C, ranges from about 1.1 to 3 and is a function of load, Young's modulus, and
Y (Johnson, 1970). For materials which strain harden, Y determined from Equation (5) is empirically
found to be the yield stress at a representative strain, ER, given by (Tabor, 1951):
CR = 0.2(a/R) (6)
where a is the diameter of the contact spot and R is the radius of curvature of the spherical indentor.
From Equation (6), cR in our experiments immediately after loading is predicted to be extremely small:
about 0.03 to 0.07%. This is much less than the strains typically produced beneath diamond pyramid
indentors (cR = 8% [Tabor, 1951]).
An elastic-plastic material undergoes a transition from purely elastic to elastic-plastic to fully plastic
deformation as the load on the spherical indentor is increased (see Tabor, 1951; Johnson, 1987, chapter
6). At low loads, the contact between the two bodies is entirely elastic, and the resulting stress and strain
distributions are well known (i.e. Hertz's problem; see Gladwell, 1980). With increasing load, plastic slip
initiates at a depth of about a/2 beneath the center of the contact spot at Pm = 1.1Y. At this stage, plastic
strains are small relative to elastic strains and the plastically deformed material is fully contained beneath
the indentor. With further increases in load, this plastic cavity expands until, at Pm - 3Y, it breaks out to
the free surface at the perimeter of the indentor. Once the fully plastic mode of deformation is reached,
P will either remain constant with increasing load (for perfectly plastic or cold-worked materials) or
increase slowly with increasing load (for annealed, work hardening materials).
Equation (5) is strictly valid only for materials with isotropic yield characteristics. For materials
(such as halite) with anisotropic yield, where slip occurs preferentially on primary slip systems at much
lower stresses than on secondary slip systems, the evolution of the stress and strain fields with increasing
load is considerably more complex (see Swain and Lawn, 1969). In our experiments, because the
maximum shear stress beneath the contact spot is parallel to the primary slip system {110}<110>, the
criterion given above for the initiation of plastic yield is unchanged, except that Y is replaced by Ys, the
single-crystal yield stress measured along [001]. However, because the deformation beneath an indentor
at large strains is roughly hemispherical (Johnson, 1970; Yu and Li, 1977), deformation in single crystals
at higher plastic strains must be partially accommodated by yield on secondary slip systems (see Evans
and Goetze, 1979). Swain and Lawn (1969) conducted a systematic in situ study of the indentation of the
(001) cleavage surfaces of LiF by small diameter (0.8 to 12.7 mm) steel spheres using an apparatus that
was nearly identical to the modified Tukon tester used in our experiments. In their experiments, which
were conducted out to much higher representative strains (CR = 10%) than calculated for our
experiments, the progressive activation of secondary slip systems during indentation under increasing
loads was directly observed using dislocation etchants and resulted in apparent constraint factors (Pm/Ys)
as high as 50 to 60.
Even at the lowest loads employed (c.a. 0.1 N), Pm determined from the halite/silica experiments
departs from the calculated elastic contact stresses (Figure 14), suggesting that the initial deformation in
all of these experiments included some component of plastic yielding. This departure from the elastic
curve occurs within the range of mean normal stresses suggested by the criterion Pm = 1.1 Ys, where Ys =
0.6 to 3.0 MPa (Figure 14). At higher loads, the observation that the plastically flattened spot was the
same size as the contact spot at loads > 1.96 N in PSH 35 and the plastic flattening and high dislocation
densities observed in PSH 34 at 4.2 N (Figure 13) indicate that the plastically deformed zone has grown
to about the same size as the contact spot in these experiments at loads of about 2 N. The slow overall
increase in Pm with load above about 3 to 4 N for PSH 34 (Figure 14), even after the plastically deformed
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region has grown to encompass the contact spot, probably results from a combination of strain hardening
in halite at room temperatures and the progressive activation of secondary slip systems at higher strains
(see Carter and Heard, 1970).
An important parameter in modeling the kinetics of intergranular pressure solution (see below) is
the distribution of normal stresses acting on the interface between two grains. For the purely elastic
contact of a sphere and a flat, the effective normal stress, aN - P, is distributed in a hemispherical fashion
over the contact: being greatest at the center of the contact spot (where aN - Pf = 1.5 Pm) and decreasing
to zero at its perimeter. This Hertzian stress distribution then becomes truncated as plastic yielding
proceeds (see Johnson, 1987), with the result that radial gradients in a N increase near the perimeter of
the contact spot and decrease at its center. Unfortunately, as was the case in the preceding discussion of
the evolution of damage beneath the contact spot, calculations of the stresses at the contact between a
sphere and an elastic-plastic flat all assume isotropic plasticity. Thus, since the halite/silica experiments
in the heated microscope stage cover the full range of elastic-plastic to fully plastic behavior, the initial
stress distributions across the contact spots in our experiments are unknown. As pressure solution
proceeds, these initial stresses will then evolve towards a quasi steady-state stress distribution through
coupled elastic-plastic and diffusive mass transfer processes. Models for pressure solution creep which
assume diffusion-controlled kinetics (see below) typically ignore internal deformation of the grains during
creep and, therefore, require a parabolic variation in normal stress across the contact spot (e.g. Rutter,
1976; see also Weyl, 1959).
Kinetics of Intergranular Pressure Solution: Normal Stress and Path Length Dependence
Intergranular pressure solution is driven by gradients in the chemical potential induced by non-
hydrostatic stresses. Although the correct thermodynamic formulation of this problem has been much
debated (e.g. de Boer, 1977; Robin, 1978; Lehner and Bataille, 1985), Paterson (1973) and others have
used the concept of local equilibrium between a non-hydrostatically stressed interface (of a prescribed
orientation) and the adjacent liquid to define a local equilibrium value for the solubility of the solid in the
solution. In this manner, an expression is derived for the change in chemical potential, p, of the solid in
the solution between the non-hydrostatically stressed interface under a normal stress, a N, and a solid
under a hydrostatic pressure, Pf (Paterson, 1973: Robin, 1978):
AAs - A = AF + aNAV + (aN - Pf)Vo (7)
where AF and AV are the changes in molar Helmholtz free energy and molar volume of the solid,
respectively, in being transferred from the non-hydrostatically stressed interface to the hydrostatically
stressed solid, and the subscripts a and o refer to molar quantities of the solid at the stressed interface
and under a hydrostatic pressure Pf respectively. Chemical potential gradients arising from sources such
as anisotropy in interfacial energy or differences in surface curvature or temperature, are assumed to be
small when compared to the other terms on the right hand side of Equation (7). At a loaded grain or
interphase boundary, the term (a N - Pf)Vo is typically much larger than the strain terms, AF and
aNAV (de Boer, 1977; Robin, 1978; Tada et al., 1987). Nevertheless, under some conditions, these
strain-induced chemical potentials are apparently sufficient to result in undercutting (Tada and Siever,
1986) or the enhanced dissolution of highly strained material adjacent to free faces (i.e. free-face
dissolution [Bosworth, 1981; Engelder, 1982]). In our experiments, however, undercutting did not occur
and the measured intergranular pressure solution must have occurred by a water film diffusion
mechanism. In this case, the strain terms in Equation (7) are neglected and the change in chemical
potential driving intergranular pressure solution is:
Am = (aN- Pf)Vo  (8)
where Ap is now simply given by the work done in transferring one mole of atoms (or molecules) from
the non-hydrostatically stressed grain or interphase boundary (under a normal stress aN) to the wall of
the open pore (under a fluid pressure Pf).
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Our convergence data provide a direct measure of the rate of mass flux out of the contact region.
Intergranular pressure solution models are needed to relate these data to kinetic parameters.
Intergranular pressure solution via a water film diffusion mechanism requires the operation of three
series-sequential processes: dissolution into a grain or interphase boundary film under relatively high
normal stress, diffusion through that film, and precipitation at interfaces under low normal stress. The
slowest of these three steps will determine the overall kinetics. In what follows, we compare the results
from our halite/silica experiments in brine with two competing models for the kinetics of intergranular
pressure solution. In order to facilitate this comparison, these models, which were derived for the creep
of polycrystalline aggregates, have been modified for the special case of intergranular pressure solution
across a single grain-to-grain contact. In accord with our experimental geometry, these contacts are
assumed to be plane and circular, under a mean normal stress, aN, and suriounded on all sides by pore
space containing fluid at a uniform pressure, Pf (see Figure 1).
Models for intergranular pressure solution rate-limited by diffusion within a thin intergranular fluid
film have been presented by a number of workers (e.g. Weyl, 1959; Elliot, 1973; Rutter, 1976). With the
exception of numerical factors that derive from assumptions about grain shape and stress distributions,
these models are analagous to the high temperature grain boundary diffusional creep model of Coble
(1963) and exhibit the same functional dependences upon grain size and normal stress. Two assumptions
are commonly made in these models: 1) there is no internal deformation of either grain during pressure
solution creep, and 2) the thickness, 6, and diffusion coefficient, Db, of the intergranular film are
independent of normal stress. For our geometry, these assumptions require that the dissolution rate into
the intergranular film is constant throughout the contact spot and that the normal stress distribution
across the contact spot is parabolic. In this manner, and using Equation (8), the convergence rate, ds/dt,
is given by (Rutter, 1976; see also Weyl, 1959):
ds = 8CoD6SVo2PM (9)
dt RTa2
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where Co is the equilibrium solubility (moles solute per unit volume solution) of the unstressed solid in
the fluid, Pm " aN - Pf is the mean effective normal stress, and a is the radius of the contact spot. This
model predicts intergranular pressure solution rates across an individual contact that are linear in mean
effective normal stress and inversely proportional to the square of the contact spot radius. It is important
to note, however, that the linear relationship implied by Equation (9) holds true only if there is no
coupling between Db6 and aN: i.e. only if the boundary is rigid and incompressible. Starting with Weyl
(1959), this assumption has been challenged by a number of authors (e.g. Rutter, 1983; Tada et al., 1987)
who have postulated a decrease in both 6 and Db with increasing normal stress. If true, the resulting
decrease in Db 6 could lead to a stress sensitivity significantly weaker than that suggested by Equation (9).
Alternatively, Raj and Chyung (1981) and Raj (1982) have suggested that the diffusivity of the
intergranular fluid film may be so high that local equilibrium between the non-hydrostatically stressed
solid and the adjoining fluid would be impossible. In this case, intergranular pressure solution rates will
be at least partially controlled by the rate of transfer of the solid constituent across the solid/fluid
interface. In order to maintain the high diffusivity intergranular boundaries required in their model, Raj
and Chyung (1981) and Raj (1982) propose a thermodynamically stable island-channel boundary
structure and near-zero fluid wetting angles. Assuming that either dissolution or precipitation kinetics
are rate-limiting, and neglecting surface energy effects (Raj, 1982), the convergence rate across an
individual grain-to-grain contact is given by (Raj, 1982):
ds = K+XVoP (10)
= + om
dt RT
where K+ is a kinetic constant for either dissolution or precipitation (whichever is slowest), X is the
solubility (mole fraction) of the solid in the solution, R is the gas constant, and T is the absolute
temperature (K+ is in units of length/time and should not be confused with the dissolution/precipitation
rate cAnstants typically employed in the literature [e.g. Lasaga, 1984]). For deformation across a single
contact, note that this model predicts convergence rates that are linear in effective normal stress and
independent of the contact spot radius.
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In order to test the measured convergence rates for path and normal stress dependence, we
determined the time-averaged convergence rate, As/At, and the time-averaged mean effective normal
stress, Pm, from the halite/silica experiments at constant temperature (50.2* C) but at loads of 0.11 to
4.22 N. At 50.2 * C and Pm ranging from 0.53 to 11.9 MPa, the halite and silica lenses converged in
brine at rates of 0.01 to 0.05 pm/day (Figure 19). In addition, both As/At and PM decreased
monotonically with time within a given experiment in response to increases in contact spot size (e.g.
Figure 4) and decreases in normal stress (Figure 7). Contrary to the predictions of the interface model
(Equation 10), however, these convergence rates did not depend solely upon the mean effective normal
stress. The experiment conducted at the highest normal stresses (PSH 17), for example, converged at the
slowest overall rate. Furthermore, there are sharp discontinuities in convergence rate between
experiments at similar normal stresses. Comparing data from the end of-PSH 22 and the beginning of
PSH 23, for example, indicates that As/At increases by about a factor of 4 as Pm decreases from 2.3 to 1.8
MPa (Figure 19). Importantly, this discontinuity in As/At is coincident with a decrease in the mean
contact radius, a, from 325 to 152 am between these two experiments (Figure 19). This apparent inverse
relationship between convergence rate and contact spot size clearly indicates that the interface-limited
model is not applicable to these experiments.
In marked contrast to the insensitivity of convergence rates to contact spot size in the interface
limited model, the diffusion-limited model (Equation 9) predicts convergence rates that are linear in Pm
and proportional to the inverse square of the contact spot radius. In order to test this model, the data
from the halite/silica experiments at 50* C and loads of 0.11 to 4.22 N were tested for consistency with
the diffusion-limited model by plotting the adjusted convergence rate, (As/At) 2 , against Pm (Figure 20).
The convergence rates from these three experiments, once corrected for path length effects, are now seen
to be continuous and roughly linear in Pm. Thus, Equation (9) appears to correctly parameterize the
stress and path-length dependence of this process. Therefore, the data at 50* C are consistent with a
model for intergranular pressure solution rate-limited by fluid film diffusion. Note, however, that the line
fit to these data does not pass through the origin (Figure 20), suggesting theat Db, 6, or both may be
decreasing rapidly at normal stresses of about 0 to 1 MPa (see below).
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Rutter's (1976) model and our measured convergence rates can be used to estimate the interphase
boundary diffusivities from these halite/silica experiments. Using Equation (9), our data at 50" C and LC
= 0.11 to 4.22 N (Figure 20) indicates that the product Db6 ranges from 1.3 X 10-12 cm 3/s atT m = 0.56
MPa to 1.8 X 10 13 cm 3/s at 7.9 MPa. Although it is impossible to solve independently for Db or 6,
bounds on 6 can be used to place bounds on Db. A rough lower bound on 6 is taken as 1 nm (about 4
monolayers of water); an upper bound of 30 nm is obtained by comparing the grey level of the central
contact spot with higher order interference minima (e.g. Figures 4, 5, and 6). Ignoring for the moment
any possible variations in 6 or Db with normal stress (see below), this yields a range for Db of 1.3 X 10-5
cm 2/s to 6.1 X 10 8 cm2/s. The magnitudes of Db indicated by these experiments are less than or
approximately equal to the mutual diffusion coefficient of NaCl in bulk brine under these same
conditions (about 2.6 X 10-5 cm2/s; Figure 22B). To put these numbers-into perspective, it is worth
noting that the product Db6 for the diffusion of cr along 45* twist grain boundaries in nominally pure
NaCl bicrystals, based upon the extrapolation of measurements made at temperatures of 400" to 5000 C
and assuming a constant activation energy of 76 kJ/mol (Riggs, 1969, in Harris, 1980), should be roughly
10-22 cm3/s at 50* C. Although this estimate is very crude due to the limited temperature range of the
measurements and because it neglects possible curvature in the Arrhenius plot at lower temperatures,
this is about 9 to 10 orders of magnitude less than Db6 inferred from our experiments at the same
temperature.
Kinetics of Intergranular Pressure Solution: Temperature Dependence
In order to test for the temperature dependence of the convergence rate in these experiments, we
also computed the time-averaged convergence rate, As/At, and the time-averaged mean effective normal
stress, P,' from the halite/silica experiments conducted at constant load (0.11 N) but at temperatures of
8.3" to 90.2" C (Figure 21A). We have not used experiment PSH 28 in this analysis because of its highly
irregular contact geometry (Figure 6). Note, however, that the convergence rate from this experiment is
comparable to that from the other experiment conducted at 90* C (PSH 29; Figure 11) after an initial
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"incubation period" during which time the scratches and fluid-filled irregularities within the contact spot
disappear (Figure 6A). We interpret the initially rapid convergence in PSH 28 to have resulted either
from short-circuit diffusion through these fluid-filled irregularities or from an anomalously high Pm
resulting from the initial surface roughness. The approximately equivalent convergence rates seen in
these two experiments after about 50 hours suggests (at least qualitatively) that the dry and wet
fabrication techniques yield comparable boundary transport properties.
As with the constant temperature experiments (Figure 19), both the convergence rate and the mean
normal stress decreased with time during the constant load experiments: dropping from 0.05 pm/day at
1.7 MPa to 0.01 pm/day at 0.5 MPa. Surprisingly, however, except for slightly greater rates in the 8.30 C
experiment, these rates are approximately equal for all temperatures at a given mean normal stress.
Even after correcting these data for path-length effects (Figure 21B), as required by the diffusion-limited
model (Equation 9), there appears to be no systematic variation in convergence rates with temperature.
The lack of a significant temperature dependance for intergranular pressure solution in these
experiments is quite surprising in light of the thermally activated nature of the diffusion process in both
liquids (e.g. Robinson and Stokes, 1959; Bockris and Reddy, 1970) and solids (e.g. Shewmon, 1983). It is
generally accepted that diffusion within structured intergranular fluid films of the types implicated in our
experiments should be slower than in bulk liquids (Rutter, 1976; Tada et al., 1987). Unfortunately, as
little is known about diffusion in adsorbed fluid films, especially in concentrated electrolytes (see below),
the reasonableness of our inferred near-zero activation energies is difficult to assess. Nevertheless, since
it is sometimes assumed (e.g. Rutter, 1976) that the temperature sensitivity of the water film diffusion
mechanism might be related to that for the viscous flow of water (via the Stokes-Einstein equation, see
Bockris and Reddy, 1970) and the heat of solution of the diffusing species, it is of interest to compare our
results with diffusion rates in bulk electrolytes.
In a 1:1 electrolyte (such as NaCl in water), in the absence of external electrical fields, global
electrical neutrality requires that both the C1" and Na+ ions diffuse in equal molar proportions. The
diffusion coefficient appropriate to the coupled diffusion of Na + and cr" in brine in a chemical-potential
gradient is the mutual diffusion coefficient, Dv (given here in a volume-fixed reference frame [see
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Anderson, 1981]). Measurements of Dv have been made for NaC1 in brine at temperatures of 0 to 50"
C and concentrations up to 5.4 M (Figure 22A). Extrapolating these data to saturation (Figure 22A), and
assuming an Arrhenius dependence of Dv on temperature:
Dv = Do exp(-QV/RT) (11)
yields Do = 2.12 X 10 .2 cm2/s and an apparent activation energy, QV, for the diffusion of NaCI in
saturated brine of 18 kJ/mol. This is only slightly higher than the activation energy for the viscous flow of
water (c.a. 13 kJ/mol) and is comparable to the activation energies typically observed for transport of
solutes in solution (about 21 kJ/mol; Lasaga, 1984). The temperature dependence of the corrected
convergence rate, (As/At)52 , for the diffusion-limited model (Equation 9)-is contained primarily within
the terms CoDb6/T. In order to apply the bulk brine data to this model, we must assume that 6 is
invariant with temperature and that the temperature dependences of Db and Dv are the same. In this
manner, using Dv from Equation (11) and the (small) variation in Co with temperature (Figure 22B),
suggests that (As/At)R2 at constant Pm should have increased by a factor of 4.5 between 8" to 900 C if the
activation energy for interphase boundary diffusion were comparable to that for bulk brine. This simple
view of the transport properties of the interphase boundary film is clearly incompatible with our results
(Figure 21B).
Although we believe that we have correctly identified the rate-limiting step for intergranular pressure
solution in these experiments, it is worth noting that the interface limited model should produce an much
greater temperature effect than the four-to-five-fold enhancement calculated above. As the temperature
dependence of solubility for NaCl in water is small at these conditions (Figure 22B), the temperature
dependence of the interface limited model (Equation 10) is contained largely within the terms K+/T.
Although we are aware of no direct measurements of dissolution or precipitation rate constants for halite
in water, estimates of the activation energy for the dissolution of halite have been made from studies of
the migration of brine inclusions in a temperature gradient (Olander et al., 1982). Their data suggest that
the migration of small inclusions in halite are controlled by the kinetics of dissolution at the high-
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temperature face of the inclusion, whereas diffusion of NaCI through the brine droplet may be rate-
limiting in larger inclusions or in crystals with high dislocation densities. By applying their model to the
smallest inclusions observed, they calculated an activation energy for dissolution of about 50 kJ/mol.
Although their data show considerable scatter, this value falls within the range of 40 to 80 kJ/mol
determined for the dissolution reaction in a variety of silicate and carbonate minerals (Lasaga, 1984). An
activation energy for dissolution of 50 kJ/mol suggests that the convergence rate in these experiments
should have increased by about two orders of magnitude from 8* to 90" C if the kinetics of this process
were correctly described by the interface-limited model.
Unfortunately, there have been remarkably few experiments conducted in order to constrain the
temperature dependence of intergranular pressure solution. Furthermore, these experiments all suffer
from ambiguities either in data interpretation, identification of the dominant deformation mechanisms,
or both. In a series of stress relaxation tests on a pre-faulted quartz sandstone (Tennessee sandstone) at
temperatures of 3000 to 4000 C, Rutter and Mainprice (1978) found a pronounced strength reduction at
low strainrates in the presence of water, whereas strength in dry samples was relatively insensitive to
strainrate. They postulated that deformation at intermediate to high strainrates was dominated by stress
corrosion cracking, but that deformation at low strainrates was rate-limited by a pressure solution
mechanism (fluid-assisted grain boundary sliding). Using data from a single pre-faulted sample relaxed
at two different temperatures (300* and 4000 C), and assuming the microstructure to be the same
during both relaxations, they calculated an activation energy for deformation in the low strain-rate regime
of about 90 kJ/mol (misquoted by Rutter, 1983, as 35 kJ/mol). As an extension of this work, Rutter and
White (1979) performed two long-term creep tests on wet pre-fractured Tennessee sandstone at
temperatures of 3000 to 400" C and claim that their mechanical data and microstructural observations
suggest solution transfer deformation at low strain rates. In one of these tests, they incremented the
temperature from 300 to 4000 C, observed a transient acceleration in the creep rate, and determined
an activation energy for creep of 36 kJ/mol. Unfortunately, this estimate is of dubious validity because it
is apparently based upon a comparison of the steady-state creep rate before the temperature change and
the transient creep rate immediately after the temperature change. After this transient subsides, within
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the scatter of the data, the steady-state creep rate at 400 C is actually less than or approximately equal
to the steady-state creep rate at 300* C (Rutter and White, 1979, Figure 4). Furthermore, several
aspects of their mechanical data are quite puzzling. For example, an approximately two-fold increase in
differential stress imposed during each experiment resulted in a transient increase in strain rate in one
experiment and not in the other and no discernible change in the steady-state strain rate in either
experiment.
Dennis and Atkinson (1982) performed a suite of stress relaxation experiments at temperatures of
3000 to 400" C on pre-faulted wet and dry Westerly granite and also found weakening at low strain rates
in the presence of water. As in Rutter and Mainprice's (1978) study, they determined an activation
energy from two relaxation tests conducted on a single wet specimen at temperatures of 300" and 400"
C. In the low strain-rate regime, the activation energy so determined (20 to 35 kJ/mol) is considerably
lower than that of Rutter and Mainprice (1978) but comparable to the value claimed by Rutter and White
(1979). In marked contrast to the interpretation of Rutter and Mainprice (1978) and Rutter and White
(1979), however, they suggested that the dominant deformation mechanism in the low strain-rate regime
of their experiments on Westerly granite -- and in the experiments of Rutter and Mainprice (1978) and
Rutter and White (1979) on Tennessee sandstone -- might be stress corrosion cracking and not pressure
solution.
Pharr and Ashby (1983) reported an activation energy of 19 kJ/mol for their experiments on the
water-enhanced creep of potassium chloride. This value is nearly identical to the 21 kJ/mol activation
energy typical of transport in solution (Lasaga, 1984). As discussed in Chapter 2, however, given the high
initial porosities in these samples (c.a. 13%) and the accelerating tertiary creep rates observed in their
uniaxial tests, it is difficult to rule our cataclasis as contributing to the enhanced creep rates.
Furthermore, even if intergranular pressure solution were occurring in their experiments, no
microstructural observations were made and the grain size dependence of the creep rate was not
investigated. Therefore, it is difficult to use their data to differentiate between the diffusion limited,
interface limited, and undercutting models and compare their temperature dependence with ours in a
meaningful way.
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De Boer et al. (1977) and Brantley (1987) have conducted experiments designed to study the
mechanisms and kinetics of intergranular pressure solution by measuring the densification rates of quartz
powders in aqueous fluids. De Boer et al. (1977) measured the compaction of quartz sand (median grain
size 170 m) in a 1 M NaCI solution at Pf equal to 16.2 MPa and temperatures of 25", 200", 260", and
330" C. The samples were compressed in a piston die apparatus, and the confining pressures (neglecting
die-wall friction) were increased at a constant rate during each experiment from 0.1 MPa up to a
maximum of 40 to 70 MPa. Although their experiments generally showed an increase in compaction rate
with increasing temperature, microstructural evidence for pressure solution was observed only at the
highest temperature (330" C; de Boer et al., 1977, Table 2) and the contribution to the compaction from
cataclasis, plastic flow, or changes in packing geometry were not known. Using an internally heated
pressure vessel, Brantley (1987) measured the densification rates of extremely fine-grained quartz
powders (1 to 20 pm diameter) in water at Pf equal to 100 MPa, confining pressures of 140 to 200 MPa,
and temperatures of 4000 to 600* C. Although the densities of samples run under similar
pressure/temperature conditions and for similar times were somewhat variable (attributed largely to
variations in initial compact density), higher final densities were produced in the experiments conducted
at higher effective confining pressures and higher temperatures. By comparing densification rates for two
experiments conducted using the same powder size (2 to 5 pm), fluid pressure (100 MPa), and confining
pressure (200 MPa), but at temperatures of 400* and 600" C, Brantley estimated an activation energy for
densification of about 27 ± 22 kJ/mol. This activation energy is quite low compared to activation
energies expected for dislocation creep in quartz (c.a. 200 kJ/mol), for example, but is comparable to that
expected for solution-transfer deformation rate-limited by diffusion through a bulk fluid. As discussed by
Brantley (1987), however, the evidence for fracturing and cataclasis in these experiments was ubiquitous,
and the near insensitivity of densification rates to grain size may reflect competition from several
different mechanisms with differing grain size dependences.
Estimates of the temperature dependence of intergranular pressure solution based upon geological
evidence is also quite problematic because it is difficult to separate the effects of temperature, depth of
burial (effective confining pressure), and time on the porosities and textures of rocks that have undergone
diagenesis (see Tada and Siever, 1989). Nevertheless, rock textures diagnostic of pressure solution are
observed over a wide range of pressure/temperature conditions in low grade metamorphic environments
(Trurnit, 1968; Elliot, 1973; Engelder and Marshak, 1985; Tada and Siever, 1989), suggesting that the
activation energy for this process is small (see Rutter, 1983). Tada and Siever (1989), for example,
estimate that intergranular pressure solution in quartzose sandstones is initiated at temperatures and
effective confining pressures as low as 20 to 60" C and 9 to 11 MPa, respectively. Their corresponding
bounds for the initiation of intergranular pressure solution in skeletal limestones are 6" to 25" C and 2
to 4 MPa. Upper bounds on the temperatures to which pressure solution deformation dominates in
metamorphic regimes were estimated by Kerrich et al. (1977) using oxygen isotope geothermometry on
Dalradian rocks from Southwest Scotland. They determined that the transition from pressure solution
dominated deformation at low temperatures to dislocation creep at higher temperatures depends upon
grain size, and, for a grain size of 100 ym, occurs at about 450" C in quartz and about 300" C in calcite.
Using cathodoluminescence petrography, Housknecht (1984) attempted to quantify the dependence
of intergranular pressure solution and quartz cementation upon grain size and temperature in a Middle
Pennsylvanian quartzose sandstone from the Arkoma basin. Thermal maturity (proportional to peak
temperature) was estimated from fixed carbon and BTU percentages in associated coal seams; volume
loss at grain-to-grain contacts was estimated using point counts and estimates of initial grain shape.
Although his data show considerable scatter, they suggest an increase in the amount of material removed
between grains with increasing thermal maturity at constant grain size.
Interphase Boundary Structure and Properties in the Halite/Silica Experiments
There is no evidence, at least on an optical scale, of the metastable island-channel structures
postulated by Lehner and Bataille (1985), Spiers and Schutjens (1989), and Lehner (1989). These
workers have theorized that these island channel structures should form in response to highly localized
gradients in the Helmholtz free energy (including contributions from elastic and plastic deformation)
associated with the grain/interphase boundary. The apparent absence of these structures in our
experiments is especially significant because the initial yield stress of the material had been exceeded and
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the dislocation densities directly beneath the contact spots were quite high, at least at the highest loads
employed.
Our experiments indicate that the boundaries between dissimilar materials in aqueous fluids can
posses remarkable transport properties and that these properties, in turn, may exert a profound influence
on the kinetics of intergranular pressure solution. Although the transport properties of intergranular
fluid films are poorly understood, our experiments provide useful constraints on the phenomenology of
the fluid film diffusion mechanism for intergranular pressure solution. In what follows, we briefly discuss
the nature and properties of thin fluid films between two surfaces and attempt to relate these properties
(at least in a qualitative way) to our observations and inferences regarding the grain or interphase
boundary properties in these experiments.
Forces Between Surfaces: The forces acting between surfaces have been widely studied, and
contribute to such diverse processes as subcritical crack growth (Wiederhorn and Fuller, 1989) and the
stability of colloids (Hiemenz, 1986). In addition to the strong chemical bonds that act at very small
distances (< atomic dimensions), the dominant long-range (< several tens of nm) forces acting between
two surfaces in an aqueous solution are the van der Waals forces, forces arising from overlap of the
diffuse portion of the electrical double layer, and hydration (or solvation) forces (see Adamson, 1982;
Israelachvili, 1985a; Hiemenz, 1986). The sum of all these forces is termed the disjoining pressure. The
thickness of a fluid film between two solids in equilibrium with an applied normal stress can be estimated
by calculating the magnitudes of these forces (e.g. Clarke, 1987a).
In general, the largest of the van der Waals forces is the dispersion force, which arises through the
electromagnetic interactions between fluctuating dipoles in the adjacent solids. Dispersion forces
between two plane-parallel surfaces decay as the inverse third power of plate separation. For two bodies
of the same material separated by a liquid, the total van der Waals interaction is always attractive. The
van der Waals interaction between dissimilar materials in a liquid, however, may be either attractive or
repulsive, depending upon the relative dielectric properties of the two solids and the intervening liquid.
Although an accurate calculation of the van der Waals force is quite difficult, approximate calculations
can be made using the static dielectric constant and the refractive index (for visible light) of the various
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media. From the approximate solution derived by Israelachvilli (1985a, Equation 11.13), we calculate
that the van der Walls force will be attractive between two halite lenses in brine and between a halite and
silica lens in brine, but that the attraction between the halite and silica lenses is about half as strong as
that between the two halite lenses.
When a material is immersed in an aqueous solution it will, in general, aquire a surface charge.
These surface charges arise from the ionization or dissociation of surface groups or from the adsorption
of ions from solution onto a previously uncharged surface (see Bockris and Reddy, 1970; Adamson,
1982). As certain ions will preferentially adsorb onto the surface of any given material, the sign and
magnitude of this surface charge is highly material-specific and depends upon the activity of these
potential-determining ions in the solution. In many silicates, for example, H + and OH" are potential-
determining and the surface charge, consequently, depends upon pH. If the net surface charge is non-
zero, a surface immersed in a dilute electrolyte will attract a diffuse atmosphere of oppositely charged
ions (the Gouy-Chapman layer) from the solution in order to maintain electroneutrality. In concentrated
electrolytes, however, the Gouy-Chapman layer is extremely thin and most of the compensating solution
charge is contained within a layer of solvated electrolyte ions (the Stern layer) which are adsorbed
directly onto the solid surface. The electrical potential drop across the Stern layer is approximately
linear, followed by an exponential decay within the Gouy-Chapman layer. The combination of the
charged surface layer, the Stern layer, and the Gouy-Chapman layer is referred to as the electrical double
layer.
For two similarly charged surfaces, overlapping of the Gouy-Chapman layers results in an
electrostatic repulsion that opposes the generally attractive van der Waals forces. When the surfaces are
identically charged and the potential midway between them is small, this electrostatic repulsive force is
predicted to decay exponentially with plate separation. The characteristic decay length of this repulsive
force (the Debye length; see Israelachvilli, 1985a; Heimenz, 1986) decreases as the square root of the
electrolyte concentration in the solution. The Debye length for a dilute (10 -4 M) aqueous solution of
NaCI is about 30 nm. For our experiments in saturated brine at 50* C, however, the Debye length is
predicted to be extremely small: about 0.1 nm. As the van der Waals attraction is relatively insensitive to
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variations in electrolyte concentration or pH (Israelachvilli, 1985a), the net effect of either high
electrolyte concentrations or low surface charge densities is that the van der Waals attractive force will
tend to dominate over the electrostatic repulsive forces and pull the two surfaces into contact.
When surfaces are immersed in concentrated electrolyte solutions or when their charge densities are
low, however, adhesive contact is often prevented by a third type of force, the hydration force. Hydration
forces occur between hydrophilic (water-loving) surfaces such as clays and silica in water. Although
hydration forces are poorly understood theoretically, they are thought to result from the structuring,
dehydration, and ultimate expulsion of hydrated ions and water molecules within the fluid film as the two
surfaces are brought together (see Etzler and Drost-Hansen, 1983, and Israelachvilli, 1985b).
Hydration forces have been measured between curved surfaces of mica (Pashley, 1981a, b; Pashley,
1985; Pashley and Israelachvilli, 1984) and fused silica (Peschel and Adlfinger, 1969, 1971; Peschel et al,
1982). These measurements, made in aqueous solutions of KC1, CsCl, NaCl, and LiC1, have shown the
following general characteristics. 1) Hydration forces dominate over other surface forces at separations of
less than about 5 to 10 rm. 2) Hydration forces are always repulsive. 3) Hydration forces decay
exponentially with surface separation over distances of about 1.5 to 6 nm, with a superimposed oscillatory
component at separations less than about 1.5 nm. The mean periodicity of these oscillations is about 0.25
nm, roughly the diameter of the water molecule. 4) The characteristic decay lengths for hydration forces
in electrolyte solutions range from 0.6 to 1.1 nm and are approximately invariant with concentration for
concentrations greater than about 0.01 M. These decay lengths are some six to eleven times greater than
those calculated for the electrical double layer in a saturated NaCl solution. 5) The magnitude of the
hydration forces between micas at constant separation increases with electrolyte concentration. For mica
surfaces immersed in an aqueous 1 M potasium chloride solution, the total disjoining pressure is about 7
MPa at a separation of 1 nm (Pashley and Israelachvili, 1984). 6) The magnitude of the hydration forces
between fused silica surfaces decreases slightly with increasing electrolyte concentration, at least for
concentrations less than 10-3 M. The total disjoining pressure between two fused silica plates separated
by 1 nm in an aqueous 10 3 M sodium chloride solution is about 0.4 MPa (Peschel et al., 1982).
Incidentally, this is considerable less than the approximately 100 MPa disjoining pressure calculated by
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Tada et al. (1987) for a 1-nm-thick film of distilled water between fused silica plates. Unfortunately, we
are aware of no surface force measurements for alkalai halides or between dissimilar materials of any
kind.
Consideration of these surface forces, in conjunction with strong (but short range) chemical bonds,
yields a simple qualitative explanation for the difference in behavior between the halite/halite
experiments in brine (for which no convergence was observed) and the halite/silica experiments in brine
(for which convergence was observed). Two different processes must occur in sequence before particles
can be brought together to form a solid-state grain or interphase boundary. The first of these, the
homogeneous thinning of the intervening fluid layer, is governed by the net disjoining pressure acting
between the two phases. In our experiments in brine, the van der Waals attractive component of the
disjoining pressure is predicted to be twice as strong between two halite lenses as between a halite and
silica lens. Although the relative magnitudes of the electrical double layer and hydration forces
appropriate to these experiments are unknown, the van der Walls interaction would tend to promote a
thinner fluid layer between two halite lenses than between a halite and silica lens. This idea is consistent
with observations and theory indicating that intergranular glass phases in ceramics are typically thicker
between dissimilar materials than they are between similar materials (Clarke, 1987a).
Once an equilibrium fluid layer thickness, 6, is reached, the adsorbed fluid layers must be expelled in
order to form a grain boundary. This process of grain boundary formation (or dewetting) is driven by the
change in overall interfacial energy due to the replacement of two solid/liquid interfaces with an island
(of height 6) containing a single solid/solid interface. If 6 is greater than zero, this dewetting will not
occur spontaneously but will require the nucleation and growth of coherent or semi-coherent grain
boundaries at isolated contact points. The energy barrier, AE , to the nucleation of an island of isolated,
dewetted boundary is approximately (Clarke, 1987b):
AE = ('y s122l)/(2s - 1'ss)
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where the solid/solid and solid/liquid interfacial energies, -ss and Ts' respectively, are assumed to be
isotropic. As the denominator of Equation (12) represents the driving force for dewetting, a necessary
condition for dewetting is that the wetting angle, 9 = 2arccos(-y /2 1sl), is not zero. The quadratic
dependence on 6 also indicates that the nucleation barrier should increase with increasing fluid film
thickness. The fluid wetting angles in the halite/halite experiments have been shown to be non-zero
(Chapter 2). In this case, the nucleation step will be facilitated by minor irregularities in the lens surfaces
and, perhaps, by the enhanced van der Waals attraction between the two lenses. The subsequent growth
of the grain boundary would then act to exclude the surface-adsorbed fluid layers. In the halite/silica
experiments, however, there is apparently no strong chemical bond interaction between the two lenses
and the fluid wetting angle between them is essentially zero. Aggressive wetting of the contacts in the
halite/silica experiments by brine is suggested, for example, by the apparenf absence of air at the contact
between the two lenses in the experiment fabricated dry at 90" C (Figure 5), even though it was
examined immediately after brine was injected into the sample chamber. In this case, the driving force
for the expulsion of the adsorbed fluid layers is negligible, and these layers presumably persist throughout
the experiments, resulting in a high diffusivity interphase boundary.
Transport Properties Within Thin Films: Electrical interactions between the potential at the outer
edge (or shear boundary) of the Stern layer (the zeta potential) and the flow of compensating ions within
the the Gouy-Chapman layer leads to an increase in apparent viscosity of the fluid film (the
electroviscous effect; see Elton, 1948). Using a relationship between the tracer diffusion coefficient of an
ion in solution and the viscosity of that solution (the Stokes-Einstein equation; see Bockris and Reddy,
1970), Rutter (1976) has invoked the electroviscous effect in an attempt to predict the transport
properties of thin intergranular fluid films during pressure solution. His calculations indicate that the
electroviscous effect might decrease the diffusion coefficients of ions within a 2-nm-thick water layer by
some five orders of magnitude over diffusion coefficients typical of transport through bulk solution.
In our experiments, however, because the zeta potential is probably much less than the (unknown)
potemtial at the solid surface, and in light of the small Debye lengths (c.a. 0.1 nm) calculated, we expect
that the contribution of the electroviscous effect to the transport properties of the interphase boundary
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film are small. In this case, one might expect that the inferred interphase boundary film would be
maintained largely by repulsive hydration forces. The diffusivity of such a film, and its dependence upon
temperature, is unknown. Tada et al. (1987) claim that structural and hydration forces should dominate
over electrical double layer interactions for films thinner than 3 nm, and that the contribution to the
disjoining pressure from electrical double layer interactions for films thicker than 3 nm should decrease
with increasing electrolyte concentrations. They also propose the diffusivity of an intergranular film
maintained through structural and hydration forces should be considerably less than that calculated by
Rutter (1976) using the electroviscous effect and probably decreases with decreasing film thickness.
Not enough is known about either the nature or magnitude of the forces acting across the interphase
boundaries in our halite/silica experiments, or the effect that variations in 6 will have upon Db, to predict
the functional relationship between Db6 and Pm. Nevertheless, the decrease in surface separation with
increasing normal stress anticipated either for electrical double layer repulsion or for hydration forces
might well explain the small apparent decrease in Db6 with increasing Pm, especially at low stresses
(Figure 21). Alternatively, this apparent coupling between Db6 and Pm might also result from a change
in boundary structure at very low normal stresses. Although such a transition is highly speculative, it
might, for example, correspond to a change from a transport regime dominated by the Gouy-Chapman-
layer at low stresses (Pm < 0.5 MPa), where both 6 and Db might be relatively high, to a transport
regime dominated by the relatively immobile Stern layer at higher normal stresses.
We do not currently have an explanation for the absence of a significant temperature effect in the
halite/silica experiments in brine. Presumably, this temperature invariance must reflect changes in either
the structure and/or the thickness of the inferred interphase boundary film with increasing temperature
that are sufficient to offset the expected thermal activation. Although applying the electroviscous
correction to our experiments is probably not appropriate because of the high electrolyte concentrations
used, it is interesting to note that the electroviscous correction used by Rutter (1976) predicts that Db
should be proportional to 62. Furthermore, measurements of the self-diffusion coefficient of water, D w,
in the interlayer water of Na-montmorillonites using neutron scattering spectroscopy indicate that D w is
proportional to exp(-1/d), where d is the interlayer spacing (Low, 1976). If a similarly strong decrease in
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Db with decreasing 6 is applicable for transport within the the thin films thought to exist in our
experiments, then it is conceivable that a small decrease in 6 with increasing temperature might be
sufficient to counteract the 4-to-5-fold increase in rates that was predicted previously by assuming bulk
electrolyte transport properties and a constant 6. In this regard, measurements of the disjoining pressure
between fused silica plates in distilled water (Peschel and Adlfminger, 1971) show a rapid thinning of the
intervening fluid layer with increasing temperature at plate separations of about 10 nm and less. Their
results (Peschel and Adlfinger, 1971, Table 1) indicate that plate separation at a constant Pm of 0.1 MPa
decreases from about 12.5 nm at 100 C to 3.7 nm at 500 C and then drops to zero at temperatures above
74* C. A similar effect was reported by Derjaguin et al. (1978), who observed that the repulsive
hydration forces between silica plates in water disappear at temperatures greater than about 65" C.
Effect of Thin Clay Films on the Kinetics of Pressure Solution
The halite/clay/silica experiment (PSH 27) was, in a sense, an extreme case of the halite/silica
experiments in brine, in that a large number of (presumably hydrated) interfaces were combined into a
single intergranular layer. An approximately five-fold increase in convergence rates was exhibited by the
halite/clay/silica experiment when compared to the halite/silica experiment in brine at the same load
(Figure 18). This result appears to provide direct experimental confirmation of the suggestions made by
a number of authors that clays, especially illites and smectites, promote both intergranular pressure
solution and the localization of solution-transfer deformation along stylolites and tectonic cleavage (e.g.
Weyl, 1959; de Boer, 1977; Engelder and Marshak, 1985; Housknecht and Hathon, 1987; see discussion in
Tada and Siever, 1989). The halite/shale experiment illustrates this effect even more dramatically
(Figure 18), although the rapid loss in coherence of the interference fringes may have led to significant
errors in the determined convergence.
The rate-controlling step for intergranular pressure solution in the halite/clay/silica experiment is
unknown. It is also possible that cataclasis or indentation creep at the contacts between the halite lens
and small grit particles imbedded in the clay layer may have contributed somewhat to the observed rates.
I_~II~_~ _ 1_1_ *j_______91___11_1__LLL -LII ~_~__II^ __I
V I -.. . ...  ... .
90
If, however, we assume that convergence in this experiment was rate-limited by diffusion through the
interphase boundary layer, we can use Equation (9) to estimate Db6 and Db for the clay layer. Using Pm,
e, and As/At evaluated between 129 and 359 hours indicates that Db6 = 3.7 X 10-1 1 cm3 /s. This is about
30 times greater than the highest Db6 estimated from the halite/silica experiments at 50* C (that the
total convergence during experiment PSH 27 was 5 -- and not 30 -- times that during PSH 22 can be
explained through the rapid decrease in Pm, and the corresponding increase in a2, during the
halite/clay/silica experiment). Using 6 = 0.8 ym for the clay layer, indicates that the apparent (or bulk)
diffusion coefficient of the clay layer is about 4.6 X 10-7 cm 2/s. This falls about in the middle of the range
of diffusion coefficients estimated for the halite/silica experiments at the same temperature (1.3 X 10-5 to
6.1 X 10 -8 cm 2/s). If the diffusion-limited model is appropriate to this experiment, this suggests that
montmorillonite provides a very efficient medium for the maintenance of-a high volume percentage of
either adsorbed (structured) water or interparticle bulk water between grains under load. In fact, such an
interpretation is in accord with results from simultaneous measurements of swelling pressure and c-axis
spacing in a Na-montmorillonite immersed in a 10-4 N NaCl solution (Viani et al., 1983). Under an
applied normal stress of 0.8 MPa (approximately the mean Pm during experiment PSH 27) they
determined that the ratio of the thickness of interlayer water to that of the intervening silicate layers in
the Rio Escondido montmorillonite was about 3.2.
The ability of montmorillonite to swell during the adsorption of interlayer and surface water, even
while under an applied load, is well known. Although it is this high capacity for adsorbed water that
made montmorillonite an attractive candidate for this experiment, it also means that we must consider
the possibility that swelling and subsequent extrusion of the clay layer under load may have contributed to
the observed convergence. We consider this to be highly unlikely, however, as extrusion of clay from
beneath the contact spot should have caused the adjacent clay coating on the fused silica disk to warp or
buckle. As described above, we used the monochrometer to verify that the Newton's rings in this
experiment arose from interference between reflections off of the upper surface of the clay layer and the
lower surface of the halite lens. Thus any distortions or thickening within the clay layer adjacent to the
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contact spot should have been clearly visible as perturbations to the lower-order interference fringes.
These perturbations were not observed (Figure 15).
CONCLUSIONS
In these single-contact experiments, convergence was observed between polished lenses of halite and
fused silica in brine at loads of 0.11 to 4.22 N and temperatures of 8.3* to 90.2* C. Convergence rates
ranged from 0.01 to 0.06 Jm/day. Control experiments conducted in dry nitrogen and in moist air under
the most extreme conditions of load and temperature employed in the wet experiments indicate that
dislocation creep did not contribute to the observed rates. Furthermore, as no undercutting or cataclasis
was observed in the halite/silica experiments, this convergence must be occuring by diffusion through a
high diffusivity intergranular fluid film. Etch pit studies, observations of plastic surface flattening, and
measurements of mean contact stress as a function of load indicate that plastic yielding occurred in all of
these experiments during loading. However, in spite of high disloction densities directly beneath the
contact spots, at least at the highest loads employed, the metastable island-channel type boundary
structures that have been proposed by a number of workers were not observed.
Measurements of convergence rates between halite and silica lenses in brine at a constant
temperature of 50.2* C, but at loads of 0.11 to 4.22 N, indicate that convergence in this system is rate-
limited by diffusion through a thin interphase boundary film and not by interface kinetics. The indicated
product of the interphase boundary diffusion coefficient, Db, and the boundary thickness, 6, ranges from
1.3 X 10 -12 cm 3 /s at P = 0.56 MPa to 1.8 X 10-13 cm 3/s at 7.9 MPa. This Db6 is some 9 to 10 orders of
magnitude greater than would be expected at these temperatures based upon the simple extrapolation of
high temperature measurements of the diffusion of C" along solid-state grain boundaries in halite.
Although Db6 appears to be relatively constant over the range of normal stresses investigated, it may
increase at normal stresses less than about 0.5 MPa. Placing bounds on 6 of 1 to 30 nm, indicates that Db
must lie in the range of 1.3 X 10-5 to 6.1 X 10-8 cm2 /s. Thus the diffusion coefficient of the inferred
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intergranular film is comparable to, or somewhat less than, the mutual diffusion coefficient of NaCi in
bulk brine at 500 C.
Halite/silica experiments conducted in brine at a constant load of 0.11 N, but at temperatures of
8.30, 50.20, and 90.2* C, indicate virtually no dependence of convergence rates upon temperature. This
result is in contrast to the approximately 4 to 5 fold increase in rates that are predicted if one assumes an
activation energy for transport within the intergranular fluid film equal to that for transport through bulk
brine. Although the mechanisms of diffusion through the types of structured fluid layers thought to exist
in these experiments are poorly understood, the observed near-zero activation energies may reflect
changes in interphase boundary structure or thickness with increasing temperature that are sufficient to
offset the expected thermal activation. Experiments using other minerals will be necessary before we can
determine if the indicated temperature insensitivity is a general feature of intergranular pressure solution
via the water film diffusion mechanism.
Thin clay films result in dramatic accelerations in pressure solution rates. Experiments conducted
using halite and silica lenses with an intervening 0.8-Am-thick montmoillonite layer indicate a nearly five-
fold increase in convergence rates over what was observed in halite/silica experiments in brine at the
same load and temperature. The rapid convergence observed in the halite/clay/silica experiment is in
accord with geological evidence showing that intergranular clays and clay seams act to localize solution
transfer deformation. Although the rate-limiting step for convergence in the halite/clay/silica
experiment is not known, if we assume that convergence was rate limited by interphase boundary
diffusion we obtain an estimate for Db6 that is about 30 times greater than the upper bound on Db6
obtained from the halite/silica experiments.
The accelerating effects of dissimilar interfaces and intergranular clay films upon pressure solution
rates, as well as the inverse square relationship between convergence rate and contact spot size, suggests
that fine-grained, mixed phase aggregates in the earth should be particularly susceptible to solution-
transfer deformation. The fine grain sizes and high clay percentages typical of fault gouge, for example,
could lead to low-strainrate weakening within major fault zones at depth. The presence of slikolytes and
fibrous overgrowths along some exumed fault surfaces are suggestive of solution transfer processes at
~~^~rraar-'-~*i'l~-Ppll--"l-L-~dLBPPP~~"
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depth and may indicate fault creep at mid- to upper-crustal levels. Our results also suggest that even a
small percentage of clays or other second phases in sedimentary deposits should exert a profound
influence on the rates of densification and diagenesis.
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TABLE 1: PRESSURE SOLUTION EXPERIMENTS
Materials Temperature Radius of
( C) CurvatureB
(cm)
Fluid Load Fabri- Experiment
(Newtons) cationc Duration
(Hours)
PSH 17 halite/silica 50.19±0.20
PSH 18 halite/silica 50.19+10.05
9.29 brine 4.22±0.11 wet 290.3 +0.2 A
9.16 nitrogen 4.2110.11 dry 236.1
PSH 22 halite/silica 50.20+10.09
PSH 23 halite/silica 50.21±0.07
8.79 brine 0.762±0.023 wet 572.0 +0.2 A
7.10 brine 0.111±0.004 wet 527.9
PSH 25 halite/shale 50.20±0.07 7.02 brine 0.768+0.023 wet 394.8
PSH 26 halite/silica 50.23±0.08
PSH 27 halite/silica 50.22±0.08
+ montmorillonite
+0.2 A
+0.4 A
8.58 brine 0.763+0.023 wet 572.6E
8.18 brine 0.76110.023 dry 359.0 +0.3 R
PSH 28 halite/silica 90.05±0.19 7.82 brine 0.111±0.005 wet F 179.2 +1.0 A
PSH 29 halite/silica 90.16±0.17
PSH 30 halite/silica 90.45±0.21
PSH 31 halite/silica 8.29±0.16 n
PSH 34'
"
halite/silica 23±2
" 50.18±0.04
89.93±0.15
7.17 brine 0.111+0.005
7.95 nitrogen 0.113±0.005 dry 334.1
8.18 brine 0.114±0.005
7.95 air 4.23+10.11
U 0 4.16±0.11
4.07±0.11
PSH 35 halite/silica 20±1 8.0 to 9.1 air 0.098 to 10.79 - - - -
AMean values as recorded by precision thermometer in fluid return line; uncertainties are maximum excursions recorded by thermistor
BFor the piano-convex (halite) lens
CDry: Lid to microscope stage closed before brine injected using brine inlet tubes
Wet: Brine added directly to contact before sample assembled and microscope stage lid closed
DR. Ray method; A: Area method
ELens repositioned after 1.75 hours
FFabricated dry and then teased with wire inserted through upper brine inlet tube to wet contact
GLens contacted distilled water following experiment, therefore weight change during experiment unknown
nExcept for power failure that occurred 95 hours into experiment, during which time the stage (thermistor) temperature increased
steadily to 13.40 C in 50 min before returning to run temperature.
IReused halite lens from experiment PSH 30 (radius of curvature given is from experiment PSH 30)
Experiment Weight
Change
(Percent)
How
Convergence
MeasuredD
dry 336.8
wet 500.4
dry 187.6
286.0
102.7 0.0
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FIGURE CAPTIONS
FIGURE 1: Diagram illustrating the two classes of proposed interganular pressure solution mechanisms:
A) water film diffusion, and B) undercutting. The normal stress acting on the grain contacts is aN, the
pore fluid pressure is Pf, the contact spot radius is a, and the thickness of the high diffusivity film is 6.
FIGURE 2: Refractive index, nD, of a saturated sodium chloride solution for sodium light as a function
of temperature, measured using an Abbe-3L Refractometer. The line shown is based on a linear
regression to the five measurements made at each temperature. Also shown is nD of saturated brine at
20* C obtained through extrapolation of refractive indices measured at concentrations up to 5.33 M
(Wolf et al. 1971). The calculated nD were obtained from the molar refraction of a concentrated NaCl
solution at 20* C (see text). All values of nD are corrected to their absolute values (i.e. relative to a
vacuum).
FIGURE 3: Schematic of the modified Tukon Hardness Tester apparatus (manufactured by the Wilson
Mechanical Instrument Division of the American Chain and Cable Company, Inc.) used to measure the
variation in mean contact stress with load for a halite convex lens pressed against a fused silica flat. The
halite lens was mounted on a compliant backing in order to distribute the load evenly across the flat side
of the lens.
FIGURE 4: Reflected sodium light interferograms of a halite/silica experiment (PSH 22) in saturated
brine at 50.2* C and a load of 0.76 N for the times shown. The dark concentric bands are interference
minima (Newton's rings). As the refractive index of saturated brine is 1.376 at 50.2* C (Figure 2), the
change in lens separation between adjacent interference fringes is 0.214 1m. The out-of-focus white
patches in A) are the result of air bubbles trapped between the flat side of the halite lens and the
adjacent fused silica disk. The scale bars in the lower right hand corners of each photograph are 0.5 mm.
~
FIGURE 5: Reflected sodium light interferogram of a halite/silica experiment (PSH 29) in saturated
brine at 90.2* C and 0.11 N for the times shown. A) Notice that, even though this sample was assembled
in the stage and the lid closed before brine was added (i.e. fabricated dry), no air is visible at the contact.
B) Focussing through the sample column shows the light region along the lower left edge of the contact
spot to be an interference maxima from the silica/halite interface below the plane of the contact spot. As
the refractive index of saturated brine is 1.370 at 90.2* C (Figure 2), the change in lens separation
between adjacent interference fringes is 0.215 pm. The scale bars are 0.5 mm.
FIGURE 6: Reflected sodium interferograms of a halite/silica experiment (PSH28) in saturated brine at
90.1* C and 0.11 N for the times shown. This sample was fabricated dry and then teased with a thin wire
inserted through the upper brine inlet port after the addition of brine in order to assure wetting of the
contact spot. A) Note the extensive damage done to the halite lens during this operation, especially above
and to the right of the contact spot, and the presence of numerous fine scratches and open areas within
the central contact spot. B) After 179 hours, the halite lens is now in more intimate contact with the
silica flat, although the contact spot is still highly irregular -- especially where it is engulfing the intensely
damaged region of the halite lens in the upper right-hand quadrant of the contact spot. The change in
lens separation between adjacent interference fringes is 0.215 pm. The scale bars are 0.5 mm.
FIGURE 7: Mean effective normal stress, Pm, as a function of time for experiments in which a halite
lens and silica lens were pressed together (halite/silica) at A) high to intermediate loads and B) low
loads. Also shown in B) are contact stresses for an experiment in which a halite convex lens was pressed
against a polished shale disk (halite/shale) and an experiment in which a halite convex lens was pressed
against a fused silica disk coated with an approximately 0.8-mm-thick montmorillonite layer
(halite/clay/silica). With the exception of the halite/silica experiments in B), which were loaded at 0.111
to 0.114 N (Table 1), the applied loads are indicated for each experiment. Error bars are shown for all
data from PSH 22 and PSH 26 in order to facilitate comparison of data from experiments which were
conducted under similar conditions (Table 1). Error bars are shown for the last data points in the other
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experiments, but only when the error is larger than the corresponding symbol. The initial Pm indicated
for PSH 28 was measured after closing the microscope stage lid and adding brine but before the lens
surface was damaged by teasing the lens in situ (see Figure 6).
FIGURE 8: Examples of the plots used to measure convergence in halite/silica experiments in brine
using the area method: A) PSH 23, B) PSH 22, and C) PSH 17. A similar plot is also shown for a
halite/silica experiment in dry nitrogen: D) PSH 18. The dashed line indicates the expected relationship
between interference minima order number, m, and the enclosed area, Am, before the load is applied.
The convergence that occurs immediately after the load is applied is indicated by s(O), and is followed by
time-dependent convergence. The solid lines shown are linear regressions to the data for A), B) m = 1
to 10; C) m = 6 to 10; and D) m = 3 to 10. The slopes of these lines in C and D differ because
experiment PSH 18 was conducted in dry nitrogen (nD = 1).
FIGURE 9: Convergence as a function of time for the halite/silica experiments in saturated brine or dry
nitrogen at 50.2 * C and loads of 0.11 to 4.22 N. The initial mean effective normal stress, Pmo, and the
initial contact spot radius, ao , are also shown for the experiments in brine. The error bars (at + one
standard deviation) are approximately the same size as the symbols and are not shown.
FIGURE 10: Comparison of convergence curves for two halite/silica experiments in saturated brine
(PSH 22 and PSH 26) which were done under nearly identical conditions (see Table 1). Convergence in
both experiments was determined using the area method, although an offset in the surface of the halite
lens near the contact spot in PSH 26 meant that only the zero order minima (contact spot) and first order
minima were used in the analysis. Convergence curves from both of these orders are shown.
FIGURE 11: Convergence as a function of time for halite/silica experiments in saturated brine or dry
nitrogen at 8.3* to 90.5* C. All experiments were at loads of 0.11 N. The normal stresses and contact
spot radii for all of these experiments are comparable (e.g. Figure 7B) and are not shown. With the
~I __I/_~_IY ~ _~~_~I_
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exception of the final data point for PSH 29, the error bars (at + one standard deviation) are
approximately the same size as the symbols and are not shown. In experiment PSH 28, convergence was
measured using high order interference minima (m = 10 to 17) to avoid the damaged region near the
contact spot (see Figure 6).
FIGURE 12: A) Mean effective normal stress, Pm, and B) convergence for a halite/silica experiment in
moist air at 4.07 to 4.23 N (PSH 34). In this experiment, temperature was increased in a stepwise manner
from 23" to 50.2* to 89.9* C over 576 hours in order to study the possible effects of adsorbed surface
water on dislocation creep behavior (the Rebinder effect; see text). The calculated decrease in load from
4.23 to 4.07 N, as the temperature was increased from 23" to 90" C, reflects both the change in spring
length due to thermal expansion of the sample chamber and the temperattire dependence of the spring
calibration (see Appendix).
FIGURE 13: A) In situ sodium interferogram of sample PSH 34 at the conclusion of the experiment
(see Figure 14) but before disturbing the microscope stage. B) Sodium interferogram of the same
sample after partially opening the stage and tilting the window to reveal plastic flattening of the lens
(shown by straight fringes in center of photo). As these photographs were taken in air, the change in lens
separation between adjacent interference fringes is 0.295 pim. C) Reflected white light photomicrographs
of PSH 34 after etching to reveal the emergence points of dislocations (dark spots). Dislocation rosettes
produced by impressed grit particles are visible as small X-shaped patterns. One of these particles is
highlighted by an arrow in these photographs to facilitate location of the contact spot. D) Cross section
(under reflected light) of PSH 34 after splitting along T-T' in C and etching. The size and position of the
contact spot is indicated by the horizontal black bar. The scale bars are 0.5 mm.
FIGURE 14: Mean effective normal stress, Pm, versus load from PSH 35 using the modified Tukon
Hardness Tester shown in Figure 3. These measurements were made at 20 " C and 50% relative
humidity. Point A was measured out of sequence; the two values of Pm shown at B correspond to contact
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areas measured before and after the spot moved (see text). The calculated variation of Pm with load for
the purely elastic contact of halite and silica lenses for the geometry used in this study is shown for
comparison with the PSH 35 data (see text). Also shown are Pm from the halite/silica experiments; only
P at 50.2* C is plotted for PSH 34 to facilitate comparison with other experiments at the same load and
temperature. Measured values of the initial yield stress (elastic limit), Ys, of single crystal synthetic halite
(from the Harshaw Chemical Company) at room temperature, under both compression and tension
parallel to [001], range from 0.6 to 3.0 MPa (Davidge and Pratt, 1964; Davis and Gordon, 1968, 1969;
Carter and Heard, 1970; Aladag et al., 1970).
FIGURE 15: Reflected sodium interferograms of experiment PSH 27 in saturated brine at 50.2* C and
0.76 N for the times shown. In this experiment, a halite convex lens was pressed against a fused silica flat
coated with an approximately 0.8-pm-thick layer of sodium montmorillonite (< 0.5 pm size fraction) to
ascertain the effect of a clay interlayer on convergence rates. The change in lens separation between
adjacent interference fringes is 0.214 pm. The scale bars are 0.5 mm.
FIGURE 16: Reflected sodium interferograms of experiment PSH 25 in saturated brine at 50.2* C and
0.77 N for the times shown. In this experiment, a halite convex lens was pressed against a polished disk
of illite-bearing shale (see text). Notice the extremely rapid growth of the central contact spot and the
nearly complete loss in coherence of the interference fringes. The faint fringes visible within the central
contact spot in B are produced at the contact between the halite lens and the microscope stage window.
The scale bars are 0.5 mm.
FIGURE 17: The plot used to measure convergence in the halite/clay/silica experiment, PSH 27, using
the ray method. The dashed line indicates the expected relationship between the interference minima
order number, m, and the square of the radius of that minima, rm 2, before the load is applied. The solid
lines are based on linear regressions to all of the order numbers shown. The convergence that occurs
immediately after the load is applied is indicated by s(O), and is followed by time-dependent convergence.
.~II~-^-~.~--~--------- -~~~
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FIGURE 18: Convergence as a function of time for the halite/shale, halite/clay/silica and halite/silica
experiments in saturated brine at about 0.76 N and 50. 2 * C. A halite/halite experiment at 50.10 C and
0.84 N (see Chapter 2) is also shown for comparison. Notice the compressed vertical scale. With the
exception of the halite/shale experiment (PSH 25), for which statistical uncertainties could not be
determined, the error bars (at ± one standard deviation) are approximately the same size as the symbols
and are not shown. The convergence for PSH 25 was obtained from the size of the central contact spot
and should be considered only as an approximate estimate.
FIGURE 19: Instantaneous convergence rate as a function of Pm for the halite/silica experiments in
brine shown in Figure 9. The data from a single experiment are connected by straight lines, with time
increasing to the left. The mean contact spot radii, i during the initial and final time intervals for each
experiment are shown. Representative uncertainties are given as the estimated measurement accuracy
for P and plus-or-minus two standard deviations in convergence rate.
FIGURE 20: Convergence rates from Figure 19 multiplied by the square of the mean contact spot radius,
a, during each time interval as a function of Pr. Representative uncertainties were calculated from the
estimated measurement accuracy for Pm and i and plus-or-minus two standard deviations in convergence
rate. The straight line is based on a linear regression to all the data.
FIGURE 21: A) Instantaneous convergence rate as a function of Pm for the halite/silica experiments in
brine at 0.11 N and 8.3* to 90.2* C (see Figure 11). The data from a single experiment are connected by
straight lines, with time increasing to the left. The mean contact spot radii are comparable for all three
experiments and are not shown. Representative uncertainties were computed as for Figure 19. B)
Convergence rates from A multiplied by the square of the mean contact spot radius, a, during each time
interval. Representative uncertainties were computed as for Figure 20.
-I~'~iPYr -Xl~rXX
106
FIGURE 22: A) Measured values of the mutual diffusion coefficient, Dv, of NaCI in brine as a function
of concentration (in moles NaCl/liters solution) for the temperatures shown. The corresponding values
of Dv at saturation were estimated simply by extrapolation of these data using the relationship between
Dv and concentration determined at 25" C. B) Solubility of sodium chloride in water as a function of
temperature (moles NaCi per liters saturated solution; from Int. Crit. Tables, 1928, v. III, p. 105).
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CHAPTER 4
INFLUENCE OF GEOMETRY UPON CRACK HEALING RATE IN CALCITE
INTRODUCTION
Microcrack porosity and pore geometry are important in determining
the elastic and transport properties of rocks (e.g. Walsh 1965; Brace et
al. 1965; Hadley 1976; Brace 1977). Thus, knowledge of processes that
alter either the amount or geometry of porosity in rocks is essential to
understanding the temporal and spatial evolution of physical properties
in the earth's crust. Healed (i.e. filled by the local redistribution of
mass) or sealed (i.e. filled with secondary minerals transported from
distant sources) microcracks are commonly observed in rocks (Richter and
Simmons 1977; Sprunt and Nur 1979; Shirey et al. 1980). Additionally,
observations of a decrease in permeability during high temperature
laboratory experiments (Morrow et al. 1981; Vaughan et al. 1986) suggest
that crack healing and sealing are important causes of permeability
reduction in geothermal systems.
Crack healing experiments have been conducted in alumina (Yen and
Coble 1972; Evans and Charles 1977; Gupta 1978), magnesium oxide (Gupta
1975, 1976), MgAl204 (Lange and Clarke 1982), and uranium oxide (Roberts
and Wrona 1973; Bandyopadhyay and Roberts 1976); unfortunately, only a
few relevant experiments have been conducted in geologic materials.
Shelton and Orville (1980) and Pecher (1981) studied the formation and
subsequent equilibration of secondary fluid inclusions along fracture
planes in quartz, and Smith and Evans (1984) and Wanamaker and Evans
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(1985) investigated healing kinetics in quartz and olivine, respectively.
Morphological observations (e.g. Evans and Charles 1977; Lange and
Clarke 1982; Smith and Evans 1984; Wanamaker and Evans 1985) indicate
that healing initiates through the formation of tubular voids around the
perimeter of the original crack, followed by the pinching off
("ovulation") of bubbles from these tubes. Although crack geometry is
theoretically very important in determining the kinetics of crack healing
(e.g. Evans and Charles 1977), we are aware of no study in any material
for which initial crack geometry was known. In this study we conducted a
suite of experiments on geometrically simple cracks of known aperture to
test existing models for crack healing kinetics. These experiments are a
necessary first step in the extension of simple theories of crack healing
to the more complicated geometries and chemical environments found in the
earth.
PROCEDURE
A suite of circular ("penny shaped") cracks of differing apertures
was prepared by heating small rhombs of Stahl calcite to approximately
700* C in carbon dioxide for 1 to 2 minutes, causing naturally occurring
fluid inclusions to decrepitate (Roedder 1984) and form small, enclosed,
circular cracks along the (1011) cleavage planes. During further heating
for 2 to 20 minutes these cracks stretched plastically, and the degree of
stretching was ascertained periodically using reflected light
interferometry (see below). The samples were then ground; polished;
cleaned by repeated rinses in acetone, methanol, and distilled water;
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and, finally, split in half along (1011) to expose the cracks to the
atmosphere and prevent further stretching. Samples were then dried in a
vacuum oven at 120* C for 3 hours.
With the exception of sample CHC 7, interferograms were taken of all
cracks using both reflected short-wavelength ultraviolet (UV) radiation
and white light; some samples were also photographed under sodium light.
For the UV interferograms, cracks were illuminated with the 254 nm
-9
spectral line (1 nm - 10 m) from a mercury vapor lamp and photographed
through a 10 mm calcium fluoride microscope objective using Polaroid Type
52 film (see Loveland 1970). Since interference maxima and minima occur
when the crack aperture is an odd or an even multiple, respectively, of
the quarter-wavelength of the illuminating radiation, using short-
wavelength UV illumination (254 nm) rather than sodium light (589 nm)
more than doubles the resolution of the crack aperture determinations
(Figure la). Only sodium interferograms were taken of the first sample
studied, CHC 7 (crack #1 in CHC 7 did not show an interference maximum
under sodium illumination; its aperture was estimated through scanning
electron microscope [SEM] observations of the crack as it outcropped
along one edge of the sample).
Crack geometry was characterized by constructing contour maps of
crack thickness from the UV interferograms (Figure lb). A least squares
fit to an ellipse was then obtained for a representative crack aperture
profile from each contour map (see Fig. lb) by fixing the semi-major axis
at one-half of the profile length (Figure 2). The uncertainties in
contour positions are about one fourth of the distance between adjacent
maxima and minima, corresponding to an uncertainty in crack aperture of
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about 16 nm. The semi-major and semi-minor axes of the best fitting
ellipse for each crack, together with the corresponding mean residual
(the average difference between the measured aperture and the aperture
calculated from the best fitting ellipse), are given in Table 1. For
cracks too thin to show more than the zero-order interference maximum
(CHC 8, CHC 9, CHC 19, and CHC 7 - cracks #1 and #2), accurate aperture
profiles could not be constructed; instead, these cracks were assumed to
be elliptical in cross section and the corresponding semi-minor axes were
estimated either from the reflected sodium or UV interferograms or from
the SEM photographs.
Samples were heat treated at 780*, 815*, or 850* C (± 5*) in CO2,
employing a sample holder constructed of calcite and silver foil which
was placed with the measurement thermocouple in an alumina cup and
loosely packed with calcite rhombs. At the beginning of each experiment,
the sample assembly was sealed in the top of the furnace and the furnace
was flushed with CO2 at a flow rate of 5.1 ml/s for about 25 minutes; the
assembly was then lowered into the hot spot, and the flow rate was
reduced to 1.9 ml/s for the remainder of each experiment. The CO2 was
dried using a Drierite gas drying tube, and the furnace pressure was
maintained at a few millibars in excess of atmospheric. The temperatures
used were well below the dissociation temperature of calcite in CO2 at
atmospheric pressure (894* C), yet sufficiently high to yield observable
healing rates. Following each heat treatment, the sample assembly was
raised to the top of the furnace and allowed to cool below 500* C before
being removed (calcite dissociates in air at about 605* C [Johnston
1910]). The time for cooling from the run temperature to 100* C was
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approximately 30 minutes. The time at temperature was taken to be the
time elapsed between insertion into, and removal from, the furnace hot
spot.
After each heat treatment, photomicrographs were taken with
transmitted and reflected light. Crack tip regression distances were
measured along rays emanating from the crack center and spaced every 5*.
Using transparent overlays, these rays were relocated after each heat
treatment by reference to stable pores in the healed regions of each
crack; regression distance was measured from the initial perimeter of the
crack to a line tangent to the contiguous healing front. Rays that
intersected isolated growth structures induced by cleavage steps or other
crack surface irregularities were avoided as much as possible; although
the incorporation of large numbers of these structures into the healing
front in the later stages of healing sometimes resulted in a dramatic
acceleration of the regression rate (see below). Selected cracks were
loaded in tension and split open after the experiments to examine the
internal structures with the SEM.
THEORY
Tube Ovulation:
A cylindrical pore in an isotropic medium is unstable with respect
to small perturbations along its length (Nichols and Mullins 1965 a, b;
Nichols 1976). Through diffusive mass transport, such pores will evolve
either into a single large sphere or a linear array of two or more
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spheres, depending upon whether the aspect ratio of the original cylinder
(length/ diameter) is less than or greater than a critical value of 7.2.
Pore geometry changes may occur by diffusion of atoms along the surface
of the cylinder or through the volume internal or external to the
cylinder (surface, vapor phase, or lattice diffusion, respectively).
The dominant mass transport mechanism for the breakup of a cylinder
of initial radius R can be identified by noting whether the spacing of
o
the resultant spheres equals 8.89 Ro, 9.02 Ro, or 12.96 Ro for surface
diffusion, internal volume diffusion, or external volume diffusion,
respectively (Nichols and Mullins 1965 b). For systems in which surface
diffusion is dominant, the time, r, required for complete separation
("ovulation") of one sphere from an initially cylindrical pore with an
aspect ratio > 13 is (Nichols 1976):
r - 2471 R(1)
B 18
where B - D r 2p/kT, D is the surface self-diffusion coefficient, P is
s s
the surface energy, 0 is the molecular volume, p is the number of
diffusing species-per unit surface area (usually taken as 0-2/3), k is
the Boltzmann constant, and T is the absolute temperature.
Crack Healing:
Evans and Charles (1977) have presented a simple model for crack
healing by surface diffusion, assuming that crack tip regression is rate-
limited by ovulation. They further assumed that the initial aperture of
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an unloaded crack prior to healing (held open, presumably, as the result
of plastic deformation near the crack tip or bridging of the crack
surfaces by particles or asperities) is given by an expression similar to
that obtained from linear elasticity theory for a loaded crack:
d - Kxj (2)
r
where dr is the residual crack aperture, K is a function of crack length
and previous loading geometry,-x is the distance measured from the crack
tip, and 0 j 5 0.5 (j - 0.5 for the fully loaded condition). The
elastic solution upon which Equation (2) is based is analytically valid
for an annular region around the crack tip which is small relative to
total crack length. Since our goal is to describe the crack healing
process from the beginning of healing to the eventual disappearance of an
enclosed crack, we prefer to use an aperture profile that is applicable
over the entire crack length. Additionally, the parameters K and j are
difficult to visualize in terms of customarily measured crack shape
parameters such as aperture, length, and aspect ratio. For these
reasons, we slightly modified the treatment of Evans and Charles to
predict crack tip regression rates and crack lifetimes for an idealized
penny-shaped crack of elliptical cross-section. As shown in Figures 1
and 2, this geometry closely matches the shapes of the cracks used in
this study.
Assuming that (1) volume is conserved locally, (2) surface diffusion
is the dominant mass transport mechanism, (3) crack healing is rate-
limited by ovulation, and (4) the cylinder radius formed during healing
is a function of the initial crack aperture, the elapsed time since the
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onset of crack healing, t, is related to the radial distance from the
center of the crack to the leading edge of the healed region, r (see
Appendix):
1
C t du (3)Cat - 1 - u' 3(m+1)/4du (3)
a
r/a
where:
[( m 13/2
C 21.6D ro a2  (dr m+l 
(4)
m kT Lo(2br )
and a is the semi-major axis of the crack, m is an exponent that relates
initial crack aperture to tube spacing, br is the crack semi-minor axis,
and L and d are constants. Equation (3) was numerically integrated
o ro
for selected m between 0 and 4 (our estimate of the maximum likely range
based upon observations of the healing process), as shown in Figure 3;
analytic solutions were obtained for m - 1/3 and 1 to check the numerical
results.
When (a-r) << a, the exact solution (Equation 3) reduces to (see
Appendix):
-n
a-r A C t (5)
a
where:
n - 4/(3m + 7)
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and A is a dimensionless function ranging from 1.02 to 0.80 as m varies
from 0 to 4. The power law approximation given by Equation (5) most
closely mimics the exact solution for (a-r)/a 5 0.2 and small m (Figure
3). Expressing the temperature dependence of Ds as (e.g. Shewmon 1983):
D - Doexp [.- (6)
where Q is the activation energy for surface diffusion and R is the gas
constant, Equation (5) becomes:
n
a-r =E It exp(-Q/RT) (7)
-- m
a L Ta[b
where:
w - 3(m + 1)/2
and E is a function of A , D , r, a, y, d ro and L (assumed below to be
m m o ro o
constants) and m. If a and b were constant for all cracks then, withr
the exception of Em, Equation (7) reduces to Equation (8) of Evans and
Charles (1977).
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RESULTS AND DISCUSSION
Crack Healing Morphology:
As in many other materials, crack healing in calcite initiates with
the formation of tubes around the perimeter of the crack, followed by the
ovulation of bubbles from thes tubes, leaving a plane of roughly
spherical pores (Figure 4). Crack tip regression rates were highly
variable from one crack to the next: even within an individual crack,
healing rates in some locations were significantly faster than others.
Peninsular structures often grew from cleavage step offsets in a crack,
but the growth of isolated pillars ("islands") connecting the opposing
crack surfaces was also observed (see Figures 4 and 5). Both processes
occasionally caused a dramatic increase in healing rate over that due
solely to inward growth from the crack edge (see below). The growth
velocities of these peninsulas and islands were faster for thin cracks
than thick ones; in thin cracks, peninsular and island growth sometimes
became the dominant healing mechanism.
Tube ovulation and crack healing theories assume isotropy of surface
diffusion and surface energy. However, the sides of the peninsulas and
islands were usually subparallel to (1011) (e.g. Fig. 5), suggesting that
surface energy was anisotropic, even at high temperatures (cf. Herring
1951).
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Tube Ovulation:
The ratio of bubble spacing to parent cylinder radius at 780* C was
9.08 ± 1.42, based upon optical measurements of nine cylinder radii and
the resultant bubble spacings. This ratio could not be measured
optically at 815* C and 850* C because the tubes which broke up into
linear arrays of bubbles at these temperatures were quite small.
Instead, following Yen and Coble (1972), the initial parent cylinder
radii were inferred from measurements of the radii and spacings of the
residual bubbles using the SEM. The ratio determined in this manner from
seven bubble arrays in CHC 15 was 10.0 ± 2.9. Comparison with predicted
ratios (Nichols and Mullins 1965b) indicates that either surface
diffusion or internal volume diffusion is the dominant mass transport
mechanism at 780* C, while the SEM data show too much scatter to
constrain the dominant transport path at 8500 C.
In Figure 6, ovulation times are compared with radii of parent
cylinders at 780* C and 850* C to test for agreement with Equation (1)
(since the numerical factor in Equation (1) varies widely for aspect
ratios < 13, only cylinders with initial aspect ratios > 13 were
analyzed). Ovulation times were computed as the elapsed time between the
middle of the heat treatment intervals during which parent tube formation
and sphere ovulation occurred; the uncertainties are one-half the sum of
these two intervals. The radii of parent tubes were measured either from
transmitted light photomicrographs taken during the course of the
experiment or from scanning electron microscope (SEM) photographs of the
internal crack surface after healing. To compensate partially for
IY-YI_-III~~~YF~-I .----XIIIPIIILIL- IW~
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inherent resolution limitations due to Fraunhofer diffraction, a
correction factor (approximately 0.08 ym) was subtracted from the
transmitted light measurements. This factor was derived from comparisons
of optical and SEM determinations of the radii of 37 different tubes.
The SEM determinations were made in one of two ways. At 780* C, the
parent tubes persisted through the end of the experiment and tube radii
were measured directly. At 850* C, however, all ovulating tubes with
appropriate aspect ratios had decomposed into bubbles by the end of the
experiment; these tube radii were determined in the SEM, assuming local
volume conservation and using measured volumes and spacings of the
residual bubbles. The larger error bars for radii at 850* C reflect the
greater uncertainty involved in the latter technique.
The data from 850* C clearly do not agree with Equation (1) but,
rather, show a rough power law dependence with an extremely high exponent
of about 10 to 20 (see below). At 780* C, the ovulation times are
consistent with the Nichols (1976) model, although the limited domain of
the data do not tightly constrain the model.
Assuming that Equation (1) describes the data at 780* C and that s
- -2/3, using - 6.13 X 10-2 3 cm3 and = 200 ergs/cm 2 (e.g. Gilman
-10
1960; Janczuk et al. 1983) we estimate D to be from 2 X 10 to 2 X 10
9 2
cm /s at 780* C. The only other measurement of Ds for calcite comes
from grain boundary grooving experiments in CO2 (Hay 1987). He
-determined8 2 2
determined D = 6 X 10 cm /s at 780* C (assuming r = 200 ergs/cm )
which, although uncertain by about a factor of three, is approximately
two orders of magnitude higher than our estimate.
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Critical Aspect Ratios:
In addition to predicting the relationship between tube radius and
ovulation time, Nichols' (1976) numerical results predict the final
configuration of a closed cylinder as a function of the initial aspect
ratio of that cylinder. To test this theory, the initial aspect ratios
of 40 different cylinders in CHC7, crack #1, were measured. Each
cylinder was then followed through the healing process at 780* C to
ascertain whether one, two, three, or more spherical pores formed. These
data show good agreement with the predictions of the Nichols model
(Figure 7) and lend further support to use of this model in describing
the ovulation process at this temperature. Furthermore, as predicted by
Nichols (1976), cylinders with initial aspect ratios close to one of the
critical values shown in Figure 7 were often unusually slow in achieving
their final configuration.
Crack Tip Regression Rates:
In Figures 8, 9, and 10, the normalized crack tip regression
distances for cracks annealed at 780*, 815*, and 850* C are shown as a
function of elapsed time to test the modified Evans and Charles (1977)
theory. Except for the later stages of healing in some cracks at 850* C
(see, for example, CHC 15 and CHC 19 in Fig. 10), where the incorporation
of large numbers of "islands" led to accelerated healing, these data
agree with the power law dependence of normalized regression distance
upon time suggested by Equation (7). Not predicted by this theory,
--.-^l-*v..~urc*--a~ 111~ Y~ i~ n~y~U~rrCr~~
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however, is the observed variation in n. The exponents fall into three
distinct groups: CHC 7 (cracks #1 and #2) and CHC 8 (n = 0.58); CHC 10 (n
- 0.15); and all other cracks (n - 0.068 ± 0.019).
Of these exponents, only n = 0.58 can be reconciled with the model.
If n - 0.58 then the exponent, m, in the relationship between fracture
aperture and tube spacing (Equation A3 in Appendix) is approximately
equal to zero, i.e. tube spacing is invariant with crack aperture. If n
- 0.15 or 0.07 then m = 6.6 or 17, respectively, i.e. tube spacing
increases extremely rapidly with aperture. With the exception of a
region immediately adjacent to the original crack tip (see, for example,
Fig. 4), our observations indicate that tube spacing remains constant or
increases only slightly toward the center of the original cracks.
Predictions of the lifetime of a penny-shaped crack (i.e. the time
required for the crack to decompose completely into bubbles) as a
function of crack geometry and temperature can be obtained by evaluating
Equation (3) at r/a - 0. Neglecting any temperature dependence of F and
using Equation (6), the crack lifetime, t , is:
. ]3 (m+l)/ 2
t - 6a r T exp(Q/RT) (8)
where 4 is a function of rr, Do, 0, , Lo, dr and m.
In most cases, the total regression distance amounted to less than
10% of the initial crack radius; although the three thinnest cracks, CHC
8, 9, and 19, healed completely during the course of the experiment at
850* C (Fig. 10). The observation that cracks CHC 8 and 9 (with br < 32
nm) disappeared before crack CHC 19 (with b - 32 ± 8 nm) and that CHCr
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19, in turn, was outlived by all other cracks at 850* C is in qualitative
agreement with the proportionality between crack lifetime and aperture
suggested by Equation (8), even though the Evans and Charles model does
not appear to be strictly applicable at this temperature. Note that this
increase in crack lifetime cannot be explained through the linear
dependence of t upon initial crack radius predicted by Equation (8),
since the semi-major axis, a, decreases from about 229 pm for CHC 8 and 9
to 129 pm for CHC 19 (Table 1).
Ignoring for the moment the low exponents at higher temperatures,
the data at 780* C can be used to test the predicted dependence of
healing rates upon crack geometry. Rewriting Equation (7) to extract the
exponent, w, gives:
r 1/n 1
gl 0  (a-r) a Fm - w loglo br (9)
where F is a function of m, T, and Q. In Figure 11 the data from 780* Cm
are plotted in the form suggested by Equation (9), using the average of
the two exponents from this temperature (0.59; see Fig. 8). Since w -
3(m+l)/2 and n = 0.59 implies m = 0, the value of w in Equation (9)
should be approximately equal to 1.5. Although w is poorly constrained
because of the large uncertainties in regression distance and semi-minor
axis, the observed dependence of crack healing rates upon crack geometry
at 780* C is roughly consistent with the model.
As most of the time exponents at 815" and 850* C are not consistent
with the model, applying Equation (9) to these data is not justified. In
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order to test for correlation between crack width and healing rate,
however, the normalized regression distance at constant time is plotted
in Figure 12 as a function of semi-minor axis for cracks heat treated at
850* C. In so doing, the possible dependence of crack healing rate upon
the semi-major axis has been neglected. This simplification is
unavoidable (since a and b cannot be independently varied in these
r
experiments), but should not present a serious problem since cross-plots
of a against b r show these parameters to be weakly correlated; variations
in healing rates due to variations in the semi-major axis should show up
largely as scatter in such a plot. Regardless, these data reveal a clear
inverse proportionality between regression distance at constant time and
semi-minor axis: (a-r)/a varies approximately as the -0.90 power of br
An inverse relationship between regression velocity and br is also seen
at 815* C (Fig. 9), where the normalized regression distances for CHC 11
(b r = 122 nm) and CHC 10 (b r = 338 nm) after 692 hours were 0.055 and <
0.003, respectively.
The cause of the observed variation in n is unknown. With the
exception of CHC 8, the exponents are uniform for experiments at the same
temperature and decrease monotonically with increasing temperature (n -
0.59 at 780* C, 0.15 at 815* C, and 0.068 at 850* C), suggesting a real,
systematic change in the process rather than random errors due, for
example, to inadvertent sample contamination. The extremely high
exponent relating ovulation time and parent cylinder radius at 850* C
(Fig. 6) also suggests a fundamental change in the physics of this
process.
The variation in exponent cannot be explained through a change in
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the dominant mass transport path, such as a transition from a surface
diffusion dominated regime at low temperatures to a volume diffusion
dominated regime at high temperatures. For mechanisms acting in
parallel, such a transition becomes possible only when the new rate-
controlling mechanism at higher temperatures results in an overall
acceleration of the process (not just a change in n). Extrapolating from
780* C to 850* C using Equation (7), an activation energy for surface
self-diffusion of calcite of 369 ± 30 kJ/mol (Hay, 1987), and n - 0.6
suggests that a crack at 850* C should exhibit regression distances
approximately 13 times greater than a geometrically identical crack at
780* C after the same annealing time, even without a change in mechanism.
The regression distance at 850* C would be greater than this calculated
value if a new mechanism became rate-controlling. Such accelerations are
not observed: CHC 20, for example, shows only 1.7 times as much healing
after 1.9 X 106 seconds at 850* C as does crack #2 in CHC 7 after the
same amount of time at 780* C, even though these two cracks had
comparable initial dimensions.
A more likely explanation for this behavior might be a reduction in
r or D resulting from either a systematic poisoning of the surface at
s
higher temperatures or a change in surface structure resulting, perhaps,
from a phase change. As regards the later idea, Mirwald (1976) has
argued for a phase transition in calcite at about 800* C, but this
transition has been challenged by Markgraf and Reeder (1985). Poisoning
could occur through a change in either the concentration or type of
impurities adsorbed on the surface at higher temperatures (an increase in
impurity concentration may either increase or decrease Ds , depending upon
1^ 11^__1__-11 1~ 41~.~---LLI--P O~
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the nature of the interaction between the impurity and surface atoms [see
Bonzel 1973; Dynys 1982]). Whatever the cause, poisoning would be
difficult to document since a contaminant layer of only a few molecular
thicknesses would probably be sufficient to alter drastically the surface
chemistry of these cracks; poisoning might also be reversible and
impossible to observe once the samples were returned to ambient
conditions.
CONCLUSIONS
Crack healing occurred in small, penny-shaped cracks of known
geometry in Stahl calcite when heat treated at 780*, 815*, and 850* C in
a dry CO2 atmosphere for time intervals ranging from 0.5 to 1320 hours.
As in other materials, the crack healing process initiates with the
formation of tubular pores around the perimeter of the original cracks
followed by the pinching off ("ovulation") of these tubes to form
bubbles. Healing is accelerated both through the growth of peninsular
structures at cleavage step offsets and the growth of isolated pillars
connecting opposing crack faces. In very thin cracks, these two
processes can dominate over the inward growth of tubes and bubbles from
the crack edge. The crack healing structures mimic the shape of the
calcite cleavage rhombohedron, indicating that surface energy anisotropy
in calcite is significant, even at high temperatures.
Crack tip regression distances follow a simple power law in time, in
agreement with the Evans and Charles (1977) theory. However, with the
exception of one sample at 850* C, the power law exponent shows
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systematic variations not predicted by the model: from 0.59 at 7800 C to
about 0.07 at 8500 C. Only the exponent at 7800 C makes sense in light
of the physical mechanisms upon which the theory is based. The cause of
this variation is unclear, although the systematic poisoning of surface
diffusion cannot be ruled out.
The dependence of healing rates upon crack aperture predicted by the
Evans and Charles (1977) model is confirmed by these experiments,
although any model for the healing of cracks through diffusive mass
transport might predict qualitatively similar behavior. At 780
° C, the
relationship between crack healing rate and crack geometry is consistent
with the model. At 8150 and 850* C, even though the anomalous time
exponents indicate that the Evans and Charles model is not strictly
applicable, there is a clear inverse dependence of crack healing velocity
upon crack aperture. Thin cracks, with maximum apertures of less than 60
nm, healed completely in less than 25 hours at 850* C; while fatter
cracks, with maximum apertures of about 700 nm, healed very little after
heat treatments of up to 1320 hours at the same temperature. Further
experiments will be necessary to determine the effects of pore fluids on
crack healing and predict the lifetimes of cracks under more realistic
geologic conditions.
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APPENDIX
Consider a thin circular crack of radius a in an infinite, isotropic
elastic medium and lying in the plane z - 0 of a cylindrical coordinate
system (r, e, z). If the crack is subjected to a uniform internal
pressure, P , the displacement, w, of the crack faces in the z direction
is (Sneddon 1946):
1/2
w - ± 4P (1-v 2)(a 2-r 2 ) (Al)
irE
where v is Poisson's ratio and E is Young's Modulus. Equation (Al) can
be seen to describe a crack with an elliptical cross-section in the r, z
plane with semi-major and semi-minor axes of a and b - w(r-0),
respectively.
Following Evans and Charles (1977), an estimate of the aperture of a
penny-shaped crack under no load can be obtained by assuming that the
residual crack face displacement is given by an expression similar to
Equation (Al) but with a reduced semi-minor axis. The aperture of such a
crack is presumably maintained through plastic deformation in the
vicinity of the crack or by bridging of the crack by debris or
asperities. For a crack symmetrical about the plane z - 0, an
approximate expression for the aperture of the unloaded crack is:
- 1/2
d r 2w - 2b 1 - r (A2)L 2J
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where b is the reduced semi-minor axis of the crack. Notice that the
r
elliptical aperture distribution given by Equation (A2) roughly fits the
cross-sections observed for most of the cracks used in this study (Fig.
2).
To obtain an expression for crack tip regression rates in a penny-
shaped crack, we assume first that the ovulation step is rate-limiting
and second that the parent cylinder radius is a function of the initial
crack aperture (cf. Evans and Charles 1977). By analogy to the ovulation
of spheres from cylinders, where the dominant unstable wavelength is
proportional to the original radius of the cylinder (Nichols and Mullins
1965b), the tube spacing, L, should be a function of dr according to an
equation of the form:
m
L - L dr (A3)
ro-
where L and d are constants with the dimensions of length and 0 5 m.
o ro
If m - 0 then the tube spacing is constant throughout the healing crack,
while if 0 < m the tube spacing increases as a power of dr . Assuming
local conservation of volume, i.e. the volume of an element of the
original crack is equal to the total volume of cylinders that form in
that element, leads to:
- 1/2
R = Ldr (A4)
o -
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Combining Equations (A2), (A3), and (A4) the cylinder radius during the
crack healing process in a penny-shaped crack is:
m+l(m+1)/21/2
R L (2b ) m+ 1 - r2
0 w (d ) a
L
(A5)
Assuming that the cylinder axes
ovulation is rate-limiting, the
can be equated with the overall
the open (unhealed) crack. The
cylinder is simply:
V = a/7
are radially aligned and that sphere
regression rate of the individual tubes
regression rate of the leading edge of
regression velocity of an ovulating
(A6)
where a = 2wJ2Ro is the spacing between ovulated spheres formed by
surface diffusion (Nichols and Mullins 1965b). Combining Equations (1),
(A5), and (A6) and defining r as the radial distance from the center of
the crack to the leading edge of the healed region gives:
V - -dr - C - r2 
-3(m+1)/4
dt m 2
21.6D r (d )m  3/2
C s o(2b
kT L (2b )
(A7)
(A8)
where:
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Equation (A7) is separable and, subject to the initial condition r(t-0) -
a (where t is the elapsed time since the onset of healing), can be
integrated to give:
Ct - - e2 3(m+1)/4de (A9)m --
a
a
Reversing the order of integration, and making the substitution u = C/a,
gives the non-dimensional form:
m 
- 3(m+l du (A0)
r/a
Equation (A10) can be integrated numerically to obtain normalized
regression distance, (a-r)/a, as a function of Cmt/a and m (see Fig. 3).
For small regression distances, an asymptotic approximation to
Equation (A10) can be obtained as follows. Substituting u - cos 8 gives:
-l
cos (r/a)
C t (sin (3m + 5)/2
- (sin ) de (All)
a
0
-iUsing r/a 1 , cos (r/a) =0, and the small angle approximation sin e
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e the closed form solution to this integral is:
t (3m + 7)/2
Ct= 2- (A12)
cos (r/a)
a 3m + 7
Since cos1 E - sin 1 [(1 - 2 1/2, by expanding arcsin using a Taylor
series and neglecting terms higher than first order, the approximation
cos (r/a) = (1 - (r/a)2 1 / 2 is obtained. Substituting in Equation
(A12), expanding 1 - (r/a)2 as (1 - r/a)(l + r/a), and noting that for
r/a = 1 the 1 - r/a term dominates and 1 + r/a = 2, yields:
-- 4/(3m + 7)
a-r Am (A13)
a
where the dimensionless function, Am , is given by:
A - 1 3m + 7 (A14)
m 2 2
The asymptotic approximations given by Equations (A13) and (A14) have
been plotted in Figure 3 along with the exact results obtained from the
integration of Equation (A10).
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TABLE 1: CRACK SHAPE PARAMETERS
Sample
Number
CHC 7:
CHC 7:
CHC 8
CHC 9
CHC 10
CHC 11
CHC 12
CHC 13
CHC 14
CHC 15
CHC 19
CHC 20
CHC 21
Semi-major
axis, um
:1 262
:2 330
235
222
222
317
374
224
444
250
129
243
313
R
Mean Method
esidual, nm (see text)
SEM
Sodium Interferometry
UV Interferometry
It it
Semi-minor
axis, nm
25 ± 10
74 ± 18
< 32
< 32
338
122
141
179
163
57
32 ± 8
88
344
Crack #
Crack #
24
13
17
4
11
6
5
47
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FIGURE CAPTIONS
FIGURE 1: a) Comparison of interferograms of CHC 14 using illumination
from a sodium vapor lamp (wavelength - 589 nm) and a mercury vapor lamp
(wavelength - 254 nm). Notice the increased aperture resolution offered
by the zero-order interference maximum and first-order minimum immediately
adjacent to the crack tip in the ultraviolet interferogram (254 nm). b)
Contour map of crack aperture in CHC 14 made using the ultraviolet
interferogram shown in Figure la. The outer perimeter of the crack and
the prominent crack surface cleavage steps are shown as solid lines. The
aperture profile along AA' is shown in Figure 2.
FIGURE 2: Least squares fits to an ellipse of representative crack
aperture profiles determined using ultraviolet interferometry; where dr is
the crack aperture, r is the radial distance outwards from the center of
the crack, and br and a are the semi-minor and semi-major axes,
respectively, of the best-fitting ellipse (see Table 1). CHC 7 (cracks #1
and #2), 8, 9, and 19 are not plotted since these cracks were quite thin
and showed, at most, only a zero-order interference maximum.
FIGURE 3: Normalized crack tip regression distance against dimensionless
time calculated using the modified Evans and Charles (1977) model for m
from 0 to 4 (solid lines). Dashed straight lines are the asymptotic
approximations to these curves (see Appendix). Notice that the asymptotic
form of this model is a simple power law and closely approximates the
I/~ii)~_;_ __~ __~
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exact results for (a-r)/a s 0.2.
FIGURE 4: Transmitted light photomicrographs of crack #1 in CHC 7 after
healing at 780* C for the times shown. Notice the formation of tubular
pores around the outside edge of the crack and the subsequent ovulation of
bubbles from these tubes. Healing is accelerated in the center of this
crack by the incorporation of isolated "islands" (I) into the advancing
crack front.
FIGURE 5: Transmitted light photomicrograph of CHC 12 after heat
treatment at 850* C for 1320 hours. Notice the peninsular structures that
have grown along what were originally radial cleavage step offsets in the
crack surface. The parallelism of many of the healing structures to the
zonal intersection of the (1011) cleavage planes with the plane of the
crack (also (1011)) (shown in the lower left hand corner) suggests
significant surface energy anisotropy.
FIGURE 6: Time for ovulation of a sphere from a cylindrical pore verses
radius of the parent cylinder. An envelope containing the data at 780* C
is shown for the predicted fourth power dependence of ovulation time upon
parent cylinder radius (Equation 1). A line with a slope of 15 has been
drawn through the data at 850* C to illustrate the deviation from
theoretically predicted behavior.
FIGURE 7: The number of spheres produced by the decomposition of an
initially cylindrical tube at 780* C as a function of the aspect ratio
-----~.^Ls~ ~- r-c~-i~~~rr
I - - - -
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(length/diameter) of that tube. Errors (shown for the first data point in
each group) are largely due to inaccuracies in measuring cylinder
diameter, and arrows indicate the mean aspect ratio for each group. Also
shown are the critical aspect ratios predicted by Nichols (1976)
separating domains in which one, two, three, and four or more spheres are
produced by breakup of the parent cylinder. One sphere, for example,
indicates that the initial cylinder shrinks into a single spherical pore.
FIGURE 8: Normalized regression distance versus elapsed time for cracks
annealed at 780* C. The symbols shown indicate the mean and standard
deviation (dashed vertical lines) of regression distances measured along
rays centered on the crack and spaced every five degrees. The actual
measurement error, which is considerably smaller than the largely
systematic variation in regression distance with azimuth, is shown by
error bars to the right of the latest data point given for each crack.
The value of the exponent, n, in Equation (15) is shown based upon a least
squares fit of a straight line to the mean regression distances.
FIGURE 9: Normalized regression distance versus elapsed time for
experiments at 815* C. Symbols are the same as in Figure 8. Notice that
CHC 10, which has a much larger aperture than CHC 11 (see Table 1),
exhibited a normalized crack tip regression of less than 0.3% even after
an anneal of 2.49 X 106 seconds (692 hours).
FIGURE 10: Normalized regression distance versus elapsed time for cracks
annealed at 850* C. Symbols are the same as in Figure 8, although
_i__ _I_~ -IIYI~~X-_I~L_~-I-~-XI1. _C_1L ~
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uncertainties are given only for five representative data points to avoid
confusion. Only one data point exists for CHC 9, since it had completely
healed before the end of the first annealing period. The straight lines
shown are based upon least squares fits to the mean regression distances.
In so doing, we have ignored the last data points for CHC 12, 14, 15, and
20 and the last three data points for CHC 19 because of the healing
acceleration induced towards the end of the experiment by the
incorporation of large numbers of partially healed "islands" (see text).
FIGURE 11: Plot of [(a-r)/a] 1.7(a/t) versus semi-minor axis for the two
cracks annealed at 780* C. The line shown gives the slope expected from
Equation (9) for the observed n of about 0.59. The uncertainties in semi-
1.7
minor axis are from Table 1. The uncertainties in [(a-r)/a] (a/t)
result from variations in regression distance with azimuth for each crack,
shown as dashed vertical lines in Figure 8; only the extreme values of
this uncertainty for the four data points from each crack are shown.
FIGURE 12: Normalized regression distance at constant time versus semi-
minor axis for cracks annealed at 850* C. For the sake of clarity,
uncertainties are shown only for the data points collected at 8.89 X 104
seconds. With the exception of CHC 19 (br - 32 + 8 nm), uncertainties in
semi-minor axes are estimated simply as the mean residuals from Table 1.
The arrows to the left of the data from CHC 8 and 9 indicate that the
semi-minor axes determined for these cracks are upper bounds. The dashed
vertical lines have the same meaning as those shown in Figures 8, 9, and
10.
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